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Abstract
Metalloporphyrin research has been firmly established as useful for mimicking 
certain enzymes present in living systems, and much research has gone into using 
these compounds to oxidise organic substrates. However, one major drawback is 
that there is no clear picture of the electronic factors that influence catalyst 
efficiency; another is that these catalysts undergo degradation that causes a 
subsequent loss of activity.
After reviewing the literature, it became apparent that much published research 
focuses on epoxidation by a small and eclectic range of tetra-substituted 
metalloporphyrin catalysts whose main criterion for selection is that they are readily 
available. This thesis seeks to remedy that by looking in detail at more finely-tuned 
structural and electronic variations of the substituents to iron porphyrins.
In order to investigate the effects of catalyst structure on epoxidation efficiency and 
catalysts’ stability a large number of iron porphyrins was synthesised. In general a 
variation of the Alder-Longo method was used as a one-pot procedure from pyrrole 
and the required aromatic aldehyde to yield mixtures of mono- bis-, tris- and tetrakis- 
meso-ary\ substituted porphyrins. These were then isolated by careful column 
chi'omatography. Further porphyrins were obtained by substituent modification of 
these isolated ones.
The newly synthesised iron porphyrins were used for a systematic study of the effect 
of small changes in structure on the efficiency of alkene epoxidation. The reactive 
alkene cyclooctene was used as substrate and the useful, but powerful, hydrogen 
peroxide as oxidant. The efficiency of a metalloporphyrin as an epoxidation catalyst 
was quantified in terms of the yield of cyclooctene oxide produced, determined using 
gas chromatography. The concomitant catalyst degradation was quantified by 
monitoring, for the the iron porphyins, the decreasing Soret band around 415nm by 
UV-Vis spectroscopy, and from this information determining the half life data for the 
majority of iron porphyrins and rate constants for some; the latter were obtained
11
mostly using the Guggenheim kinetic method to calculate a first order rate constant 
kobs for degradation.
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CHAPTER ONE
General Introduction: 
Cytochrome P450 
and Metabolism
1.1 Introduction
The work presented in this thesis is a study of alkene epoxidation reactions which are 
catalysed by iron porphyrins. The functional groups attached to the pyrrolic ring of 
the porphyrin range in activating and deactivating substituents. Each of the 
aforementioned functional groups again ranges in positional substitutions at the meso 
positions i.e. mono-, bis, (cis and trans)-, tris- and tetrakis- and in some cases also 
varies in phenylic positional changes i.e. meta and para. This research was divided 
into thiee areas:
1. the synthesis of substituted iron porphyrins;
2. the epoxidation of cyclooctene and
3. degradation studies of substituted iron porphyrins.
This work attempted to synthetically mimic the selective oxidising ability o f the 
Cytochrome P450 family of enzymes. Figure 1.1 shows the basic 5,10,15,20- 
tetraphenyl-27//,2J//-porphine iron(III) chloride.
F e-C I
Figure 1.1 -  The structure of 5,10,15,20-tetraphenyl-2///,25ff-porphine iron(III) chloride.
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1.2 Metabolism in the Mammalian Body
1.2.1 Analytical Advances
The study of adverse effects of xenobiotics* on living organisms is known as 
toxicology and is a science which has advanced from the acts of antediluvian 
poisoners. Of course, this science dates back to the earliest humans, who used 
animal venom and plant extracts for hunting, conflict and assassinations. ^  A 
toxicologist is trained to examine these aforementioned adverse effects using 
analytical methods.^
Over the past three decades, the scientific community has witnessed major advances 
in analytical technology. It is now possible to determine with great accuracy the 
chemicals found in many complex mixtures, even if they are present in minute 
quantities. This allows us to appreciate for the first time, the number and wide 
variety of chemicals to which we are exposed, from conception to death.^
The non-science community has literally taken the word chemicals to mean 
substances that are manufactured by chemists. This however is not the case and 
approximately 99% of chemicals which are ingested by humans are of natural 
o rig in .H o w ev er, to this we can also add the numerous chemicals found in tea and 
coffee,'^ as well as the chemicals which are generated during cooking.^
1.2.2 Metabolism in General
As shown in figure 1.2, xenobiotics can be categorised into two distinct groups, i.e. 
manufactured and natural chemicals. Manufactui'ed chemicals include drugs, 
industrial chemicals, pesticides and pollutants etc. Conversely, a wide variety of 
substances including alkaloids, secondary plant metabolites and toxins, which can be 
produced by animals, moulds or plants are all considered to be natural chemicals.
Greek; foreign to life.
Plant sources e.g. usually these are chemicals which plants generate to defend themselves and they 
are biologically active.
 ^More then 100 chemicals have been detected in coffee alone.
* Polycyclic aromatic hydrocarbons, heterocyclic amines are known carcinogens, which are found in 
burnt material.
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Drug* Pesticides Pollutants
Toxins
Moulds
Xenobiotics
Natural Chemicals Commercially Manufactured Chemicals
Figure 1.2 -  Classification of xenobiotics.
Due to a large number of xenobiotics possessing highly lipophilic characteristics, 
absorption through the skin, lungs and gastrointestinal tract is a trivial matter in 
comparison to its elimination from the body due to re-absorption.^ Subsequently, 
xenobiotic elimination from a mammalian body can be accomplished by altering the 
physical properties of the above-mentioned lipophilic xenobiotics to encourage them 
to become more water soluble i.e. hydrophilic species. This change in character 
enables the new species to be removed via urine or faeces, such a conversion in vivo, 
is referred to as either metabolism or biotransformation. The body has consequently, 
acquired a number of effective enzyme systems adept at metabolically converting 
lipophilic xenobiotics to hydrophilic metabolites, thus assisting their elimination 
from the body, which in turn, minimises exposure to the xenobiotic. Subsequently, 
the biological half-life of the xenobiotic is shortened, thus reducing exposure and 
decreasing the risk of accumulation on repetitive or continuous exposure. In some 
cases the aforementioned metabolism also causes the biological activity of the 
xenobiotic to cease by preventing its distribution to the corresponding biological 
receptor, which in turn clearly diminishes its affinity for the receptor in comparison 
with the parent compound. Biotransformations of xenobiotics do not occur in the 
brain or testis; this is due to the presence of lipophilic barriers (blood-brain and 
blood-testis) which only allow chemicals with the correct physical properties to enter 
and leave.^
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Metabolism of Drugs
The mechanism for the body to remove low molecular weight toxins is to convert 
them into a more polar (water soluble) compound in comparison to its parent. This, 
however, can cause problems if the toxin in question is a medicinal drug which needs 
to be retained in the body over a certain period of time. Pro-drugs are another way of 
administering drugs into the body. For instance, Prontosil is cleaved through an azo- 
reduction yielding its active sulphonamide component and this is shown in scheme 
1.33 on page 20. The structure of prontosil can be seen in figure 1.3.
Drugs are usually highly functionalised, with most of them displaying groups which 
can be oxidised. Their oxidative metabolism is of extreme importance as it is this 
which justifies a drug’s efficacy and safety. This is evaluated through the formation 
of therapeutically active or toxic metabolites upon its breakdown once inside the 
human body.^
NH
N
o ' '
Figure 1.3 -  The structure of prontosil.
Without these biotransformations occurring in mammals, high levels of xenobiotics 
would cause chronic toxicity, almost certainly resulting in death.
From this point forward the term ‘metabolism’ shall be used instead of 
biotransformation as they are often used synonymously.
1.2.3 Location of Metabolic Enzymes
The majority of metabolic enzymes, which catalyse the breakdown of drugs, are 
found in the liver. ^  However, these enzymes can also be situated in the skin, lung, 
nasal mucosa, eye and gastrointestinal tract.^ Oral administration allows a drug to be 
absorbed either through the stomach or the mucous membrane of the small intestine. 
If the route of a drug is thi*ough the gastrointestinal tract, it is taken to the liver, 
where it is either deactivated or transformed into a metabolite which could be toxic 
to the body even if the drug is not.
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The family of enzymes which catalyses the oxidative metabolism of these 
xenobiotics in the mammalian liver is named Cytochrome P450 (CYP450) and can 
be found in the endoplasmic reticulum or the soluble portion of the cytoplasm, with 
very limited quantities located in the mitochondria, nuclei and lysosomes. The 
purpose of the CYP450 found in the endoplasmic reticulum is to facilitate the 
metabolism of xenobiotics requiring excretion in either the urinary or bile fluids.
1.2.4 Radioisotopes in Drug Metabolism
Radioisotope labelled drugs are given to laboratory animals to clarify their 
metabolism. Once metabolised, they are removed from urine and faeces for structure 
elucidation. Tritium and carbon-14 are the most common forms of radioisotope used 
in the pharmaceutical industry as these are wealc P-emitters. Carbon-14 is more 
desirable as a radiolabel compared to tritium as tritium is well known to undergo 
exchange.
The synthesis of radioisotopically labelled drugs is complex. Pseudomonic acid as 
shown in figure 1.4 is a good example of this. To incorporate a carbon isotope at the 
required position in a particular target molecule while also ensuring the pathway is 
synthetically feasible entails a synthetic effort. ' ’
Me
O C
Me ^ O H  
O
Figure 1.4 -  The structure of pseudomonic acid.
The synthesis of pseudomonic acid is synthetically surprising; usually a radio­
labelled target molecule would have the isotope incorporated towards the end of the 
synthesis; however, ’"^ C ethyl bromoacetate is used as the starting reactant.
A different approach is necessary if the drug which requires a radiolabel is derived 
from a natural product. Penicillin as shown in figure 1.5 is a good example of this.
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P h - '^ '^ S ^ S > < M e  
O Me*o COOH
Figure 1.5 -  Radiolabelled penicillin.
Valine, cysteine and carboxylic acids are biosynthesised by Pénicillium fungi. By 
allowing the penicillin to grow in the presence of radioactive precursors then the 
radioactivity can be incorporated into the molecule.
1.2.6 Pathways of Drug Metabolism
There are many and varied routes which can be taken when xenobiotics are 
metabolised. It is of particular importance that these routes are understood, as this 
can determine a dmg’s pharmacological and toxicological characteristics. Drug 
metabolism is typically placed into two categories, Phase I and 11.*^
■ Phase I metabolism involves the formation or unmasking of polar functional 
groups which are chemically reactive e.g. OH or COOH. This makes the 
metabolite more hydrophilic compared to the parent compound, as shown in 
scheme 1.6. Phase I acts as preparation for Phase II metabolism.
Phase 1 metabolism
Cl
H,C
Cl
HO
Diazepam 4-Hydroxydiazepam
Scheme 1.6 -  Phase I metabolism conversion of diazepam to 4-hydroxydiazepam.
■ Phase II metabolism involves conjugative reactions, where endogenous 
substrates e.g. glucuronic acid are added to the new functional group as 
shown in scheme 1.7. The metabolite is thus exceptionally hydrophilic and 
ensures their aqueous route of elimination^^.
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Phase II metabolism
HO
HO.C
OH
4-Hydroxydiazepam
HO H 
4-Hydroxydiazepam gluciironide
Scheme 1.7 -  4-Hydroxydiazepam undergoing phase II metabolism to 4-hyrdoxydiazepam 
gucuronide.
1.2.7 Drug Administration and the Routes of Metabolism
The routes by which a drug is metabolised vary through its administration, each of 
which is discussed in turn.
■ Oral Administration
The most common mode of drug administration is orally. The drug is absorbed 
either from the stomach or through the mucous membrane of the small intestine. It is 
then carried via the bloodstream to the liver where it is first metabolised. The patient 
may require a larger dose of the drug if it is totally deactivated by such a metabolism 
in the liver. This is Icnown as the presystemic or first-pass effect. To avoid the first- 
pass effect, other routes of administration are favoured.
Successful administration of drugs in this way is exemplified by oral contraceptives 
such as norethynodrel, which mimic the effect of progesterone and prevent the 
discharge of ova during the menstrual cycle; the structures of these are shown in 
figure 1.9.^^
CH
H,C
H X
Progesterone
Figure 1.9 -  The structures of progesterone and norethynodrel
OHH X
HO
Norethynodrel
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■ Sublingual Administration
Sublingual drug administration is used for the administration of glycerine trinitrate 
(or nitroglycerin) the structure of which is shown in figure 1.10. Nitroglycerin is 
used for suffers of angina pectoris. Its absorption thiough the buccal cavity means 
the drug enters the blood system, bypassing the liver.^®
ONO,
,ONO.
Figure 1.10 -  The structure of nitroglycerin.
ONO,
■ Rectal Administration
Ergotamine as shown in figure 1.11, is given for migraines, and its absorption is 
through the colon mucosa. As the name suggests this drug comes from the family of 
ergot alkaloids, which is well known to produce many side-effects. This drug may 
either administered as a solid suppository or an enema.
O H,C OHf
H CH,
Figure 1.11 -  The structure of ergotamine.
■ Topical Administration
The delivery of drugs to a local area is known as topical administration; this is where 
the drug is delivered through the skin or mucous membrane. Topical administration 
is used for insect repellents and sunscreens. Proflavine (3,6-diaminoacridine) as 
shown in figure 1.12, was used during the Second World War as a wound agent. It 
was administered as the neutral sulphate and thus could be given in reasonably high 
doses.
NH,
Figure 1.12 -  The structure of proflavine.
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■ Intravenous Administration
The word intravenous means “within a vein” and as total blood circulation in a man 
is approximately 15 seconds; drugs are administered intravenously when a quick 
therapeutic response is required. If further administration of the drug is required then 
this can be carried out through the use of an intravenous drip. The dmg etomidate, as 
shown in figure 1.13, is a anaesthetic agent given through intravenous injection 
which has a brief effective time in the body, it is therefore is used in anesthesia for 
short surgical procedures, such as reduction of dislocated joints and cardioversion. 
Its main advantage is that it gives rapid recovery without the hangover effect, which 
is common with other anaesthetic agents. Etomidate can also be given by 
intramuscular injection.
Figure 1,13 -  The anaesthetic agent etomidate.
" Intramuscular Administration
If only a small amount of medication is required, intramuscular administration is the 
mode of delivery of choice. The uptake of a drug following intramuscular 
administration depends on its chemical properties. Methotrexate as shown in figure 
1.14, is used to inhibit the metabolism of folic acid and is used in the treatment of 
cancer and autoimmune diseases. It can also be given by oral administration or 
intravenous injection; there are many side effects of this di'ug.'^
HjN
NH; OH
OH
Figure 1.14 -  The structure of methotrexate.
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■ Inhalation Administration
Salbutamol as shown in figure 1.15 is administered by inhalation and is used in the 
treatment of asthma. It is a pi-adrenergic receptor agonist used for the relief of 
bronchospasm, which is administered in its sulphate form. This can also be given by 
intravenous injection, but has to be diluted with glucose (5%), sodium chloride (9%) 
or a mixture of both at a concentration of 10 micrograms per litre to be effective.
a'" CH
HO 
HO
Figure 1.15 -  The Pz-adrenergic receptor agonist salbutamol.
■ Prodrugs
A prodrug is a substance which is administered in either an inactive or lesser active 
form in comparison to the active compound. The prodmg is metabolised in the body 
and converted to the active compound. A good example of this is Valaciclovir as 
shown in scheme 1.16. Valaciclovir is converted to its active form, aciclovir, by the 
enzyme esterase via hepatic first-pass metabolism. It is used for the treatment of 
herpes simplex or shingles. Its mode of action is through interfering with the 
synthesis of deoxyribonucleic acid (DNA) and is only effective if the treatment is 
started in its early stages.
Esterase
O O
H,C
CH3
OH
Scheme 1.16 -  Ester cleavage of medicinally inactive valaciclovir gives the active acyclovir.
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As mentioned above the family of enzymes which catalyses the oxidative 
metabolism of xenobiotics in the mammalian liver is named CYP450 and it is this 
enzyme which shall be discussed in the next part of this chapter.
11
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1.3 The Chemical Biology of Cytochrome P450
1.3.1 Cytochrome P450 in General
CYP450 is one of many systems within our bodies which protect us from xenobiotic 
attack. Its active site consists of an iron porphyrin, which catalyses the oxidative 
metabolism of foreign bodies through the activation of molecular oxygen. This 
family of enzymes consists of approximately 1000 members ranging from bacterial, 
to plants and animals. In humans however, there are approximately 40 different 
forms of CYP450.
1.3.2 Identification of Cytochrome P450
Hippuric acid was the first mammalian drug metabolite to be isolated and 
characterised from benzoic acid.^^ In the late 1940’s Mueller and Millar recorded the 
in vitro metabolism of 4-dimethylaminobenzoic acid using rat liver homogenates. It 
was concluded that the in vitro metabolism of this compound would only be 
observed if molecular oxygen, nicotinamide adenine dinucleotide phosphate 
(NADP^) and both soluble and insoluble fractions from the liver homogenates were 
included.^* It was later discovered that by replacing the soluble fractions with either 
NADPH or by a system which generates NADPH, the oxidative activity could be 
reproduced, thus concluding that the active constituent was located in the insoluble 
fractions. Klingenberg was the first person to give CYP450 its name which comes 
from the significant shift of the haem absorption band from 420 to 450 mn, upon the 
reduction of the enzyme with sodium dithionite followed by its complexation with 
carbon monoxide. Its optical absorbance at this wavelength is important to note, as 
no other mammalian haemprotein (except nitric oxide synthase) significantly absorbs 
light at this wavelength, thus proving useful in identifying and quantifying 
CYP450.^
1.3.3 The Role of the Cytochrome P450 Family
CYP450 enzymes are intracellular haemproteins that metabolise a great variety of 
lipophilic chemicals. What differentiates other CYP450 from haemproteins is the 
amino acid cysteine, this serves as an axial ligand to the porphyrin bound iron 
thi'ough a thiolate link. Other haemproteins such as haemoglobin, have the amino
12
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acid histidine joined to the iron via a nitrogen linlc from the imidazole group. The 
thiol linlc is an important one; it is this ligand which alters the electron density of the 
resonant porphyrin ring and provides an electronic centre for the activation of 
molecular oxygen.
Molecular oxygen once activated has a ‘dual fate’; one atom of oxygen being 
incorporated into the substrate (S) and the other into water, as shown by scheme 
1.17; it is thus classified, as “mono-oxygenase” or “mixed functional oxidase”.^
S - H  + O2 + NADPH + KT ----------- ► S -O H  + % 0  + NADP
Scheme 1.17 -  The ‘dual fate’ of molecular oxygen.
It is important to note that there are approximately 500 isoenzymes which make up 
the CYP450 family. This family of enzymes is not only responsible for the removal 
of xenobiotics; they have other roles with the human body such as:
■ the conversion of cholesterol to androgens, estrogens, gluco- and 
mineralocorticoids ;
■ the synthesis and degradation of prostaglandins and other unsaturated fatty 
acids;
the conversion of vitamins into their active forms; and
■ the metabolism of cholesterol to bile acids.
The members of the CYP450 family have been placed in categories according to 
their function within the human body and these are shown below in table 1.18.^^
13
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Cytochrome P450 Family Function
CYPlA and CYPIB Polycyclic hydrocarbons and nitroamines
C Y P2A -H Alcohol, drugs and steroids
CYP3A Antibiotics, drugs and flavonoids
CYP4 co-Oxidation of fatty acids
CYP5 Thromboxane synthesis
CYP7A 7a-Hyroxylase and bile acids
CYP8A and B Prostacyclin synthase and bile acids
CYPl 1A and B* Cholesterol side-chain cleavage and 
aldosterone synthase
CYPl 7 Steroid 17a-hydroxylase and 
steroid C l7/21 lyase
CYPl 9 Estrogen biosynthesis and aromatase
CYP21 Progesterone 21-hydroxylase
CYP24* Vitamin D degradation
CYP26 Retinoic acid hydroxylase
CYP27* Bile acid synthesis
CYP40* Vitamin D3 -  1 a  hydroxylase
CYP51 Cholesterol biosynthesis and 1,4- 
demethylase
* Mitochondrial Enzymes 
Table 1.18 -  The cytochrome P450 family.
In micro-organisms CYP450 enzymes are bound within membranes, whereas in 
eukaryotic cells, the enzymes are present in endoplasmic reticulum and as such exist 
as membrane-bound haemproteins, each of which contain about 500 amino acids 
with iron-protoporphoryrin IX as the prosthetic group.
For an enzyme only first observed 45 years ago, our laiowledge of its structure, 
function, location in mammalian cells and the stereoselective reactions it catalyses is 
substantial. Biochemically we can predict that CYP450 enzymes can catalyse the 
oxidation of approximately 1 million substrates.
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1.3.4 Activation of Molecular Oxygen
CYP450 can only insert oxygen into a compound if molecular oxygen is activated. 
Scheme 1.19 graphically shows the accepted catalytic cycle for CYP450. It should 
be noted that when isolated, the native enzyme was found to contain a low spin Fe^ ^^  
porphyrin. It was thought that the water which fills the substrate binding site plays 
a role in the Fe^” porphyrin being low spin. This was unexpected as the thiolate is 
not strong enough to bring about such a change from the expected high spin state. 
To resolve this, extensive computed modelling of the CYP450 was carried out and it 
is agreed that the axial thiolate ligand is alone responsible for the low spin state in 
which the native species is found.^" ’^
Following scheme 1.19, the ferric ion is planar low spin when a ligand such as water 
is bound to it via the top axial position (1). Upon substrate binding to the ferric 
enzyme (which is represented by R-H), the water is released and the iron undergoes 
conversion from the 6 co-ordinate low spin to a 5 co-ordinate high spin state which 
results in the iron moving out of the plane of the porphyrin ring (2). A large increase 
in redox potential is seen (-330mV to -173mV V5 NHE) upon the conversion of iron 
from a low spin state to a high spin state. As this shows, electron transfer is induced 
by substrate binding.
Electrons are transferred via a coenzyme chain, changing the ferric ion to generate 
the ferrous ion (3) -  (at this stage the ferrous haem is still in a high spin state and 
thus out of the plane of the porphyrin ring). Molecular oxygen then binds to the 
newly reduced ferrous species. The thiol group ligand alters the density of the 
resonant porphyrin ring, providing a centre for the electronic activation of molecular 
oxygen.'^ This produces the low spin haem superoxo complex as shown in (4) and 
the iron moves back into the plane of the ring. Another electron reduction follows 
which yields the haem peroxy anion (5). Protonation occurs which converts the 
haem peroxy anion to the haem peroxide (6). Activation of the 0 - 0  bond occurs, 
which results in a loss of water (7). This occurs because a second proton is 
transferred to the distal oxygen. The subsequent generation of the highly reactive 
oxo-ferryl haem complex and four resonance structures, namely Fe”  ^oxene (7a), Fe”’ 
- 0 X 0  radical (7b), Fe^ -oxo (7c), and Fe^  ^ -oxo- porphyrin Tc-cation radical (7d)^  ^
(calculations support the formation of this highly reactive species).^^ The substrate is 
oxidised, released and the cycle goes around again.
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1.4 Phase I and Phase II Metabolism
1.4.1 Phase I Metabolism
Aromatic Hydroxylation -  creation of a phenolic group. This is associated 
with virtually every compound containing an aromatic ring system. The 
aromatic hydroxylation of lidocaine is shown in scheme 1.20 .^ ^
CH, „  CHjCH, ÇH, CH,CH,
T  CHjCHj ------------------- Il ^  CHjCHj
CH?
OH
Scheme 1.20 -  Aromatic hydroxylation of lidocaine (local anesthetic).
■ Aromatic Epoxidation -  very common in metabolism. This is exemplified
by the epoxidation of naphthalene as shown in scheme 1,21. Epoxides are 
extremely reactive and are thought to have carcinogenic and toxicological 
p r o p e r t i e s . T h i s  does not stay as the epoxide for long and can be 
susceptible to ring opening to form a dihydrodiol -  this is shown in scheme 
1.36 as part of its second stage of metabolism (Phase II).
O
Scheme 1.21 -  Epoxidation of naphthalene.
■ Aliphatic Hydroxylation -  hydroxylation of aliphatic groups. An example 
of the aliphatic hydroxylation using pentobarbitone is shown in scheme 1.22 . 
Further oxidation of the newly hydroxylated site can yield organic acids.^^
C H X H ,b CH.CH,b
Scheme 1.22 -  Aliphatic hydroxylation of pentobarbitone (sedative).
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Alkene Epoxidation -  metabolic epoxidation of aflatoxin Bi as shown in 
scheme 1.23 is an example of alkene epoxidation. This leads to a side 
reaction and the formation of a carcinogenic by-product.^®
CH3
Scheme 1.23 -  The epoxidation of aflotoxin Bi.
■ Oxidative Deamination -  generation of a carbonyl group. This causes the 
liberation of ammonia which results in a rearrangement to yield a carbonyl 
compound as shown in scheme 1.24 with 4-tyramine as an example.^'
HO NH, K J  n h .
H
O + NH,
Scheme 1.24 -  Oxidative deamination of 4-tyramine.
Dealkylation Reactions -  loss of an alkyl group due to oxidation. Occurs 
readily in drugs which contain a secondary or tertiary amine, an alkoxy group 
or an alkyl substituted thiol functionality. The alkyl group is lost to the 
resultant aldehyde with the formation of an alcohol. This is shown in scheme 
1.25 with the dealkylation of codeine to morphine.
CH
HO
HO
CH
HO
+ HCHO
Scheme 1.25 -  The O-demethylation of the alkaloid codeine to morphine.
■ Nitroreduction -  chloramphenicol as shown in scheme 1.26 shows the 
reduction of a nitro group. This occurs in the presences of NADPH, except 
under anaerobic conditions.^^
18
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OH OH
OH
HN. ^CHCL HOHN
OH
HN^ ^CHCI
OH
H N . .CHCI
OH
HN  ^ /CHCL
Scheme 1.26 -  Nitroreduction of chloramphenicol, an antibacterial agent which inhibits 
ribosomal ribonucleic acid (RNA).
■ Phosphothlonate Oxidation -  phosphothionate sulphur is replaced with an 
oxygen atom. This is shown in scheme 1.27 by the phosphothionate 
oxidation in parathion.’^
CH3
II IO CH,
Scheme 1.27 -  The phosphothionate oxidation of the insecticide parathion.
Nitrogen and Sulphur Oxidation -  both nitrogen and/or sulphur can be 
oxidised to form oxides. The formation of a hydroxyl group on either the 
nitrogen or sulphur is also a possibility. Scheme 1.28 shows the S-oxidation 
of fenbendazole^"^, and scheme 1.29 shows the N-hydroxylation of 2- 
acetylaminofluorene.
CH
CH3 0 ,N
N ^ C H
Scheme 1.28 -  The S-oxidation of fenbendazole.
Scheme 1.29-T h e  N-hydroxylation of 2-acetylaminofluorene.
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■ Oxidative Dehalogenation -  oxidation of a halogen group yielding an 
alcohol or acid. This is shown in scheme 1.30 with the oxidative
dehalogenation of a halothane.^^
"h "  — -  "h "  — -  'F Cl Br F H OH F OH
Scheme 1.30 -  The oxidative dehalogenation of a halothane.
■ Reductive Dehalogenation -  reduction of a halogen group yields an alkene,
this is shown in scheme 1.31 using halothane as an example.
" h "  — ► " H :  — -  W
F C l  Br F Cl Br F Cl
Scheme 1.31 -  The reductive dehalogenation of a halothane.
“ Hydrolysis - esters, amides and hydrazides are hydrolysed by esterase and 
amidase. Scheme 1.32 shows the hydrolysis of isoniazid.^^
^OH
NHjNHj
'N' 'N'
Scheme 1.32 -  The hydrolysis of isontazid by amidase.
■ Azo Reductions -  reduction of azo groups yielding an amine. Scheme 1.33 
shows the azo-reduction of prontosil.^^
Amidase
V I ,  - ^  S'
Scheme 1.33 -  The azo-reduction of prontosil (antibacerial).
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1.4.2 Phase II Metabolism
■ Glucuronide Conjugation -  addition of glucuronic acid yields a highly 
hydrophilic compound as shown in scheme 1.34 using paracetamol as an 
example.^^
HN
+
HO^ C
HO
HO
OH
Paracetamol Paracetamol sulphate Paracetamol glucuronide**
Scheme 1,34 -  Phase II metabolism of paracetamol.
" Sulphate Conjugation -  conjugation with sulphate leads to a hydrophilic 
compound. This occurs mainly in the metabolism of phenols, e.g. 
paracetamol as shown in scheme 1.34 .^ ^
■ Glutathione Conjugation This route allows the cell to protect itself from 
chemical attack. It utilises the nucleophilic tripeptide glutathione, shown in 
figure 1.35, which possesses a nucleophilic sulphur atom. Its high cellular 
concentration allows the detoxification of reactive electrophiles."^®
Figure 1.35 -  The tripeptide glutathione.
" Hydration -  addition of water to an epoxide {from Phase I) to form a 
dihydrodiol. As epoxides are extremely reactive, this is a very important 
pathway in their detoxification and this is shown in scheme 1.36 by the 
hydration of naphthalene-1,2-epoxide."^ ^
** Paracetamol is a very special case. As it already has an exposed hydroxyl group, it proceeds 
straight to Phase II metabolism. However, a small extent paracetamol undergoes Phase I oxidation to 
form the electrophilic quinoneimine, believed to be responsible for its hepatotoxicity during overdose.
2 1
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O HjO
Scheme 1.36-T h e  hydration of naphthalene-1,2-epoxide to a dihydrodiol.
Amino acid Conjugation -  conjugation of the carboxylic group of an organic 
acid by an amino acids leads to the formation of an amide bond. The amino 
acid involved in the process depends on its bioavailability, but it is typically 
glycine. Scheme 1.37 shows the conjugation of benzoic acid."^ ^
ÇOSCoA ÇONHCH^COjHH O . / O
CoASH Glycine
Scheme 1.37 -  The conjugation of benzoic acid with glycine.
Figure 1.38 shows the chemical structure of pantothenic acid (Coenzyme
O SH
H
Oo=p-o
NHj
OH
Figure 1.38 -  Coenzyme A (CoASH).
- Méthylation -  amino, hydroxyl and thiol groups can all be methylated. This 
pathway is very important in the metabolism of endogenous compounds such 
as the flavonoid epicatechin which is found in green tea, as shown in scheme
1.39.“'''
tt A coenzyme is any organic molecule or metal ion that is necessary for an enzymes catalytic activity.
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OH OH CH
OHOH
HO HOHO
OH OHOH
OH OHOH
Scheme 1.39 -  The méthylation of ('-^-epicatechin.
■ Acétylation -  addition of an acetate to an amino group through an amide 
bond. This is common in the metabolism of a sulphonamide drug as shown 
in scheme 1.40.'^ '^
W 9
.  X
H,N' ^  H,C N' H
Scheme 1 .4 0 - Acétylation of a sulphonamide.
Oxidative metabolism involves the use of enzymes which have an iron porphyrin 
structure; this project is based solely on the synthesis, catalytic ability and 
subsequent degradation of iron porphyrin catalysts, many of which are novel and 
differ slightly from each other by either structural variations or electronic properties. 
It is therefore important to review in detail their chemical and historical background, 
catalytic nature and mechanism of oxidation. This will make up chapter two of this 
thesis.
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CHAPTER TWO
Review: 
Porphyrins and 
Metalloporphyrins
2.1 Porphyrins
Porphyrins (or porphura) have a rich and colourful history, which can be traced back 
to the start of Eastern Mediterranean civilization/'^ Interest in these macrocyclic 
compounds has grown over the last decade owing to two reasons:
(1) Straightforward synthetic preparation,^
(2) Wide ranging applications in the areas of bioinorganic,bioorganic,^ and 
electro-chemistry^ as well as clinical medicine^ especially in the field of 
photodynamic therapy (PDT)/
Insertion of a metal ion into the cavity of the macrocycle yields a metalloporphyrin. 
Porphyrin metal complexes are essential in nature e.g. chlorophyll as shown in figure 
2 .1, is vital in the photosynthetic pathway of green plants.
ÇH
H,C
N =i
chlorophyll a, R = CHj 
chorophyll 6 , R  = CHOCO2CH.
O
CH
CHCH3 CHCH '33 3
Figure 2.1 -  The structure of chlorophyll.
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2.1.1 Porphura
The word porphura originates from Ancient Greece and its translation into English is 
a simple one meaning the colour purple. Purple is historically an important colour 
and recorded in the Old Testament; the clothes of royalty and high priests were 
purple as this denoted power, privilege, and/or wealth. Porphura is derived from an 
earlier Semitic word employed by the Phoenicians to describe molluscs from which 
the pigment Tyrian Purple* was once extracted. This is thought to have taken place 
around the thirteenth century B.C. at Sarepta on the Lebanese coast. This ancient 
dye gave the colour ‘Royal Purple ’ and its main use was to dye the attire of the 
Phoenician Royal Families.^ As many as 10,000 animals were needed to produce 1 
gram of this dye and its value was as much as 1 0 - 2 0  times its weight in gold.^ The 
Phoenicians kept the synthetic route of this dye a secret. However, one Roman 
scholar in the mid first century A.D., approximately 1000 years after the procedure 
began, describes in detail how molluscs were captured using a baited wicker basket, 
their glands removed and the extracts heated for 10 days in a vat of salt and water. 
He also went fuither and describes the best time to catch these animals.^ The third 
century A.D., saw major advances in the synthesis of less expensive purple dyes 
using either plant or insect extracts.^
Scheme 2.2 shows the structure of 6 ,6-dibromoindigo and its reduced leuco base. 
The indigo dye is reduced to its almost colourless, soluble leuco base which absorbs 
onto the textile and on exposure to air yields the rich purple colour. The idea of 
dressing nobility in purple continued to Rome where the Emperor Nero had his 
imperial toga lined with purple. He even went as far as issuing a decree that gave 
only the ruler the right to wear the colour Royal Purple \ Even today, the Head of 
State wears purple at his/her coronation.
Reduced form
Br" n  IT ^ 2  Br
Scheme 2.2 - 6 ,6 -Dibromoindigo (2.1) and its reduced form leuco-6,6-dibromoindigo (2.2).
The chemical name of Tyrian Purple is 6,6-dibromoindigo. Its use as a dye can be traced back to 
biblical times.
In the spring, after the rising of the Dog Star, Sirius.
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2.1.2 The Structure of Porphyrins
In 1912, Kûster proposed the macrocyclic structure of a porphyrin as shown in figure 
2.3.
Figure 2.3 -  Basic macrocyclic structure of porphine.
However, this was considered inaccurate; such a large ring system was considered to 
be fundamentally unstable. In 1929, Hans Fisher synthesised haem - the iron 
porphyrin in haemproteins from pyrrolic starting unit, and thus, confirming Küster’s 
hypothesis. The structure of haem is shown in figure 2.4.
OH HO
Figure 2.4 -  The structure of haem.
Fisher went on to revolutionise porphyrin chemistry. He devised a systematic 
naming system based on the unsubstituted porphyrin macrocycle, which he called 
porphine. The common feature of all porphine molecules is the basic structure of the 
porphyrin macrocycle. To expand on the definition in a more chemical sense, a 
porphyrin molecule consists of a 16-atom ring containing four nitrogen atoms, 
obtained by linlcing four tetrapyrrolic subunits with four methylene bridges. The 
actual structure of a porphyrin is now accepted to be that shown in figure 2 .3 .
2.1.3 Porphyrin Nomenclature
The discovery of the porphyrin macrocycle was a scientific breakthi'ough. It allowed 
the science community as a whole to appreciate the complex chemistry this molecule
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is capable of performing, Fischer thought up the first naming system for this class of 
compound based on the organic chemical practice at that time. A good example of 
this is uroporphyrins; this name was given to porphyrin macrocycles which were 
isolated from the urine of people who were suffering from a family o f diseases which 
were related to porphyrin metabolism. If the porphyrins where substituted on all 
eight positions of the four pyrrole units and all the substituents are the same, the 
naming o f the compound is straightforward e.g. eight methyl groups attached to the 
pyrrole units gives octamethylporhyrin. However, these trivial names soon became 
problematic as new weird and wonderful porphyrin structures were either discovered 
or synthesised. Fisher suggested that substituents can be arranged around the pyrrole 
fragments in four ways as shown in figure 2.5. Fisher called these four structures 
'type isomers ' and gave them Roman numerals to signify each of them.
^ N H  N==/ / \
V  ) —
\ /
P A
/  \A P
P P
/  \A A
P
/A
A
\ P
P
/A \
\  /A P
A A
\  /P P
A
\ P
A
/P \ A
P
/A
Type I Type II Type III Type IV
•NH
N HN
Figure 2.5 -  Porphyrin t^ype isomers’.
Fisher also gave each carbon atom a position as shown in figure 2.6.
O -position 
O a  “position 
O mefo-position
Figure 2.6 -  Fishers positional isomer system.
Fischer’s naming procedure soon became far too complicated and a new system had 
to be thought up. A new, more systematic naming system was introduced in 1987 by 
the International Union of Pure and Applied Chemistry (lUPAC).^® This had all the 
carbon and nitrogen atoms numbered as shown in figure 2.7.
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3 5 7
c/ I ■’^ 2 1  2 ^ ' A20 &
24 23 J
/ Ï ? ■N N-T i\
• * v "i^17 15 13
10
12
Figure 2.7 -  The lUPAC naming system for porphine.
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2.2 Metalloporphyrins
2.2.1 Metal Coordination
Porphyrins are based on 16-atom rings containing four nitrogen atoms. They are 
macrocyclic molecules consisting o f four pyrrole rings with a central cavity which 
has a maximum diameter of 3.7 Â and can bind a variety of transition m e t a l s , T h e  
porphyrin cavity becomes tetradentate when the two acidic N-H protons are lost and 
these can be seen in figure 2.8. Wlien coordination talces place, two protons are 
removed from the nitrogen atoms of the pyrrole, leaving two negative charges. In 
their deprotonated forms, porphyrins can bind tightly with metal ions. The porphyrin 
ring system is very stable and exhibits typical aromatic character; tliis is 
demonstrated by their presence in cmde mineral oil. Most metals form complexes in 
a 1:1 ratio, however the alkali earth metals (Na, K, Li) complexes are 2:1 in which 
the metal atoms are incorporated slightly above and below the plane of the porphyrin 
m acrocycle .F igure  2.8 shows three different types of porphyrin macrocycle.
N ( %
Porphyrin
\  _  hN
Chlorin Corrin
( 3  Acidic protons which may be substituted by metal ions 
Figure 2.8 -  The three different macrocyclic structures of porphyrin origin.
Each of the structures as shown in figure 2.8 can bind with metal ions by removal of 
the acidic protons to form a metalloporphyrin, the structure o f which can be seen in 
figure 2.9. What follows is the formation of complexes, which are essential to life.
Figure 2.9 -  The structure of a metalloporphyrin.
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Macrocycles are very selective with respect to the size of the coordinated ion, this 
can be seen in table 2 .10.
Metal Ion Ionic 
Radius (pm)
Metal Centre
Be^^ 45 too small
Mg'" 72 Chlorophyll
Ca'" 100 too big
Af*" 53 rather small
Ga'" 62 gallium porphyrin complexes have 
been found in crude mineral oil but 
not in living organisms
In^" 80 slightly large, rare element
0 =V"+ (not 
spherical)
Ca. 60 Vanadyl complexes have aie relatively 
abundant in certain crude oil fractions
Mn'" (high spin) 83 too large
Mn"*" (low spin) Ca. 60 Synthetic oxidation catalysts
Fe'" (high spin) 78 too large
Fe'" (low spin) 61 Correct size
Fe^" (high spin) 65 Correct size
Fe^" (low spin) 55 slightly small
Average value forFe2+/3+ 65 Correct size present in haem systems
Co'" (low spin) 65 Correct size -  cobalamins (corrin ring)
Ni'" 69 Correct size -  F 4 3 0
Cu'" 73 bonds strongly with histidine in proteins but Cu 
porphyrins have not been found in organisms
Zn^" 74 bonds strongly with histidine or cysteinate in 
proteins but Zn porphyrins have not been found 
in organisms
Table 2.10 -  Size coordination of metal ions in the porphyrin cavity.
2.2.2 Biological Importance of Metalloporphyrins
As shown in table 2.10, porphyrin metal complexes play an important role in the 
biological actions of nature, and essential metalloporphyrins such as the magnesium 
complex in chlorophyll, iron complex in haemproteins, cobalt complex in vitamin 
Bi2 coenzyme and nickel complexes in coenzyme F430; these are all shown below in 
figures 2.11 -  2.15 respectively. In photosynthesis, porphyrin derivatives play a key 
role in dioxygen transport and storage. *
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Porphyrin Metal Complexes in Nature
Vitamin Bn coenzyme: An important function of vitamin B n coenzyme is
receiving a methyl group from methyltetrahydrofolate as shown in figure 2.11 to 
create methylcobalamin which can then contribute in biomethylation reactions.
HO
NHHN
H
Figure 2.11 -  The structure of N^-metliyl-tetrahydrofolate.
Isolated in 1958, this was the first naturally occurring organometallic compound in 
nature to be identified. It has a corrin ring (one methylene group less than a 
porphyrin ring). This provides a square planai’ set of nitrogen atoms and access for 
axial groups above and below its plane as shown in figure 2 .12.
NHj
NH^
Co
HjjN
NHj
jp p a
HH
Figure 2.12 ~ Vitamin 8 , 2  coenzyme.
Chlorophyll a: the reduced magnesium porphyrin which orchestrates photosynthesis 
is shown in figure 2.13.*^ Note chlorophyll is a chlorin macrocycle. One of the 
double bonds in one of the pyrroles has been reduced.
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o
F=N,
Figure 2.13 -  The structure of chlorophyll a.
Haem: The haem group, which consists of a porphyrin macrocycle with an iron 
inserted in the cavity; this is shown in figure 2.14. These are found in cytochromes, 
myoglobin, and peroxidases. The iron in haemoglobin carries oxygen to our tissues 
where it is stored by myoglobin until required.
Fe
O OH HO
Figure 2.14 -  The structure of haem.
Coenzyme F430: Nickel-porphyrin complex first isolated from methane producing 
microorganisms as shown in figure 2.15.
o
o
HO
Figure 2 .1 5 -  The structure of coenzyme F4 3 0 .
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2.3 Metalloporphyrin Catalysts
2.3.1 Oxidation Catalysts
Although there are many types of metal catalysts which can oxidise an alkene system 
there are three types which allow the formation of epoxides, these are listed below:
(1) The Sharpless Epoxidation Catalyst^
In 1981 Barry Sharpless added a chiral ligand to a soluble titanium catalyst in an 
attempt to perform an asymmetric epoxidation. The chiral ligand was diethyl tartrate 
and the soluble metal template was titanium tetraisopropoxide with a t-BuOOH 
oxidant. The only problem is that this form of asymmetric epoxidation will only 
work with allylic alcohols and this is because the alcohol needs a covalent link with 
the active catalytic complex before the epoxidation proceeds.
The reaction outline is shown in scheme 2.16.
t-BuOOH 
T i(O -i-P r)  ^
L-(+)-DET
Scheme 2.16 -  Sharpless epoxidation catalyst.
The active part of the complex is believed to be the titanium atoms which are bonded 
to the tartrate ligands. Each of the titanium atoms retains two of its iso propoxide 
ligands, and is co-ordinated to one of the carbonyl groups of the tartrate ligands. The 
oxidant is then added, displacing one of the remaining iso propoxide ligands and one 
of the tartrate carbonyl groups.
The oxidising complex now reacts with the allylic alcohol which displaces another 
iso propoxide ligand and coordinates itself to a titanium atom. When the epoxide is 
formed the reactive oxygen species is delivered to the face of the alkene and the 
epoxide is formed.
This asymmetric epoxidation is stereospecific and can be controlled using either 
enantiomer of the tartrate. D-(-) delivers the oxygen to the top face and L-(+) 
delivers it to the bottom face.^^
Consists o f a titanium complex in the presence of an optically active tartate ester.
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(2) Jacobsen Catalyst
The Jacobsen catalyst as shown in figure 2.17, is made through a Schiff-base reaction 
usually between a substituted 2-hydroxybenzaldehyde and 1,2-diaminocyclohexane.
N=r
Mn
t-Bu t-Bu
t-Bu t-Bu
Figure 2.17 -  Jacobsen catalyst.
This catalyst is effective in stereoselective synthesis.*^ It has been commercially 
available since 1994 and converts achiral olefins to chiral epoxides with an 
enantiomeric excess (e.e.) of 90% and above. Its mechanism is not fully understood, 
but it is known that there are two main steps, the first being the oxygen transfer and 
the second being chiral induction. The oxidant in this process is bleach, which is 
economically favourable due to the low cost and easy availability. The reaction is 
briefly outlined in scheme 2.18.
J Jacobsens Catalyst ^  I
K NaOCl
Scheme 2.18 -  Jacobsens catalyst using bleach as an oxidant.
(3) Metalloporphyrin Catalyst
Oxidation reactions preformed by metalloporphyrin catalysts are well known. 
However, due to degradation of the catalyst by the chosen oxidant, yields can be low. 
Alteration of the metal centre e.g. from iron to manganese will alter the rate of 
degradation which in turn affects the catalytic turnover. Alteration of the ligands 
around the porphyrin ring can also have an effect on both degradation and potential 
asymmetric oxidations. Over the last two decades metalloporphyrins have been 
extensively used to mimic and study the unique CYP450 oxidising enzymes with 
considerable success.^®’ These catalysts have also been used to research into 
enantio,^^' regio^^’ and stereoselective^^ oxidation reactions.
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Research into metalloporphyrin oxidation catalysts is extremely common. Much 
research focuses on the extremely electron-withdrawing 5,10,15,20-
tetrakis(pentafluorophenyl)-27//;2i//-porphine iron(III) chloride catalyst as shown in 
figure 2.19. This commercially available catalyst is exceptionally robust during 
oxidation reactions, generating high catalytic turnovers and thus produces high 
epoxide yields as well as small quantities of rearrangement products.
Figure 2.19 - 5,10,15,20-Tetrakis(pentaf!uorophenyI)-27//,25//^-porphine iron(III) chloride
Evidently, this is not the only commercially available catalyst used to study 
metalloporphyrin catalysed oxidation reactions. There is a plethora of electron- 
donating and -withdrawing catalysts which are used to research metalloporphyrin 
oxygenation reactions.
When the metal centre is able to form strong M =0 species at room temperature, 
oxygen transfer is not observed and this is the reason that vanadium and chromium 
derivatives are mainly inactive.
2.3.2 Effects of Ligands on Oxidation Reactions
In a chemical system, selectivity is obtained by not only varying the ligands 
surrounding the porphyrin cavity but also altering the transition metal which is co­
ordinated within it. The electronic nature of the ligands has a profound effect on the 
reactivity of the catalyst.
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2.3.3 Evidence for Oxygen Binding in Both Life and Chemical Systems
It is well laiown that all life species require respiratory pigments, indeed a di-copper 
protein called haemocyanin, is used by molluscs, arthropods and certain marine 
worms, whereas haemerythrins, a di-nuclear iron compound, is used by the peanut 
and segregated worms. What is interesting about both the aforementioned structures 
is that neither possesses porphyrin rings. Humans use haemoglobin and myoglobin 
for oxygen transport and storage, but evidence was required to prove how oxygen 
binds to the iron inside the porphyrin cavity and this was studied by Max Perutz and 
Jolin Kendrew using X-ray crystal structural studies on haemoglobin. However the 
main question was did oxygen bind to the metal centre side-on (A) or end-on (B), 
both configurations are shown in figure 2 .20 .
<  f
A B
Figure 2.20 -  Oxygen binding to a metal centre side-on (A) or end-on (B).
Iron porphyrins were synthetically designed to model the haemoglobin biosite; 
however it is loiown that iron(II) porphyrins react irreversibly with dioxygen in the 
presence of an axial nitrogen base followed by a second reaction to form the p.-oxo 
dimer.
The classic porphyrin used in this experiment was designed by James Collman^^ 
which was named the ‘picket fence porphyrin ’ and it worked by introducing massive 
steric bulk to one end of the porphyrin this is shown in figure 2.21 and an axial 
nitrogen base which disfavours coordination on the unhindered side of the molecule.
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N H
NH
Collman's Picket Fence 
Porphyrin
Hydrophobic 0 % binding 
pocket with massive steric 
bulk
Bulky axial nitrogen base 
prevents 0% coordination
Figure 2.21 -  Collman’s picket fence porphyrin.
The following metalloporphyrins were designed as shown in figure 2.22 to act as 
biosite mimics and hence study the Fe-Oz interaction.
Nitrogen Base 
Picket-Fence
Nitrogen Base. 
Picket- Tail base
Nitrogen Base Nitrogen Base
Strapped Capped
Figure 2.22 -  Porphyrins which exhibit huge steric interference.
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The crystal structure using James Collman’s ‘picket fence’ porphyrin with both 1- 
methylimidazole and 2-methylimidazole as the axial base ligands ascertained that 
dioxygen showed reversible binding in the end-on (B) conformation as shown above 
in figure 2 .20 .^ °
2.3.4 Hydrogen Peroxide as an Oxidant
The use of hydrogen peroxide as an oxidant is important from two aspects, it is 
biologically important and an environmentally friendly^. Traylor and co-workers 
verified that hydrogen peroxide was capable of catalysing the epoxidation of olefins 
using a protic solvent mixture of dichloromethane, methanol and water. It has been 
reported that the aforementioned solvent mixtuie functions as general-acid catalysis 
which assists the 0 - 0  bond heterolysis, this results in the formation of the high 
valent oxoiron(IV) porphyrin Ti-cation radical. It is also noted that epoxidation of 
alkenes can be achieved in protic solvents such as acetonitrile, when highly electron 
deficient metallopoiphyrins aie used.^’ In fact oxygenation reactions with hydrogen 
peroxide were found to depend heavily on the following factors;
■ the pH of the aqueous reaction solution;
" counter ions which are attached to the metal center;
■ the presence of an axial imidazole group;
“ proton shuttle groups on the porphyiin ligand and
■ the robustness of the catalysts.
Scheme 2.23, shows the hydrogen peroxide shunt route.
R H
Nr------------ N.
2 -
R-O-H
R— H =0 :
Scheme 2.23 -  The hydrogen peroxide shunt route.
-H ,o
R— H o
N^ r i-N
OH
This only relates to the environment as biologically it is a suspected carcinogen.
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2.3.5 Formation of High Valent Intermediates
There are two pathways for oxygen-oxygen bond cleavage in peroxides, this 
involves:
1. Heterolytic cleavage
^  (+) (-)
R—O - O - R ’ --------- ► R-O O-R'
Scheme 2.24 -  Heterolytic cleavage which produces two oppositely charged fragments.
Heterolytic cleavage involves the breaking of a covalent bond to produce two 
oppositely charged fragments as shown in scheme 2.24. If we apply this to a 
mechanism which involves the reactions of iron(III) porphyrins with hydroperoxides 
the Fe^=0 species (the high valent intermediate) will be formed as shown in scheme 
2.25.
+  XOH ^  H +  Fe—OX --------- ^  F e = 0  +  HX +  B
X = RO where R is an alkyl group 
Figure 2.25 -  Heterolytic pathway using iron(III) porphyrins with hydroperoxides.
2. Hemolytic cleavage
R—O —O —R' ----------
Scheme 2.26 -  Homolytic cleavage which produces two radicals.
Homolytic cleavage involves the breaking of a single (two-electron) bond in which 
one electron remains on each of the atoms. This is also Icnown as free-radical 
reaction as shown in scheme 2.26. If we apply this to the mechanism, the Fe^^=0 
species and a radical will be the outcome as shown in scheme 2.27.
Fe^  ^ +  XOH ^  ^  H +  Fe—OX ---------^  F e = 0  +  X«
X = RO where R is an alkyl group 
Figure 2.27 -  Homolytic pathway using iron(IH) porphyrins with hydroperoxides.
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When X is a good leaving group (PhIO, RCO2H, HOCl or HOOSO3"), the 
epoxidation reaction proceeds efficiently. However if X = HO' or RO", yields of low 
to no epoxide have been found. Thus the failure to produce any epoxide provides 
evidence for homolytic cleavage for the hydrogen peroxide and organic acid oxidants 
as the oxoferryl species does not epoxidise alkenes but the oxo-perferryl species 
does.^^
Nolan et recorded that by placing electronegative groups on the /7-pyrrole 
positions of the porphyrin ring, as shown in figure 2.28, it is possible to create a 
substrate for oxidations which mimics the formation of high valent haems in both 
peroxidases and cytochrome P450 catalysed reactions.
NC
NC
Fe—Cl
CN
Figure 2.28 -  The structure of 7,8,17,18-tetracyano-5,10,I5,20-tetraphenyl iron(Ill) chloride.
2.3.6 Mechanism of Oxidation by Metalloporphyrin Catalysis
The mechanism of involving oxygen transfer from a reactive iron(V) 0x0 
intermediate was put forward by Traylor and Ciccone.^'^
There have been many proposed mechanisms for the epoxidation of alkenes^^ which 
are shown in scheme 2.29. These oxidations have taken place with many oxygen 
atom donors such as peracids, iodosylbenzenes, hypochlorite and even molecular 
oxygen (dioxygen).
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F e = 0  +
Fe—O------- C*
(3a)
F c = 0  C—C*
R
(3b)
•O C
Fe—O
A
I .
+
Fe3+
Scheme 2.29 -  Hypothesised mechanisms for the epoxidation of alkenes using iron porphyrins.
Although all of the above mechanisms involve the highly reactive iron(IV) porphyrin 
cation radical (Fe^^=0)^', they each differ in regards of the reaction with the alkene 
substrate. The five reactions are as follows:
1. direct oxygen transfer,
2. free radical addition followed by fast ring closure,
3. electron transfer followed by either (3a) collapse to the free radical (reaction 
2) or (3b) collapse to the carbocation (reaction 4),
4. electrophilic addition again followed by fast ring closure,
5. reversible electrocyclic metallooxetane formation followed by dissociation to 
the epoxide or other products.
Traylor and co-workers were able to contest some of these mechanisms by preparing 
a number of stmcturally diverse metalloporphyrins each with varying degrees of 
electronegativity^^ such as the two shown in figure 2.30.
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CF
C l-F e
Figure 2.30 -  Electron withdrawing porphyrins used for mechanistic studies.
Groves and Nemo^^ used 5,10,15,20-tetraphenyl-27//,25//'-poiphine iron(III) 
chloride (TPPFeCl) and 5,10,15,20-tetrakis-(2-methylphenyl)-27/f,25//-porphine 
iron(III) chloride (TTPFeCl) in the presence of iodosylbenzene as oxidant to 
investigate the epoxidation of several alkene systems. The results of these are shown 
below in table 2.31. All the yields are based on the amount of iodosylbenzene 
consumed.
Substarte Catalyst Product Yield
TPPFeCl
TTPFeCl 84%
OH
TPPFeCl
TTPFeCl
55%, 15% 
67%, 15%
TTPFeCl 67%, 3%
Table 2.31 -  Epoxidations catalysed by ferric porphyrins.
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2.3.7 Approach of the Alkene Substrate
There are three accepted geometries for the approach of the alkene double bond to 
the iron-oxo group recorded by Groves et and these are highlighted in figure 
2.32.
T .
A B C
Figure 2.32 -  The three routes of approach towards and alkene for iron-oxo group
A -  Approach of the double bond along the axis of the Fe=0 bond.
B -  Approach of the double bond from the side and parallel to the plane of the iron 
porphyrin ring.
C -  Approach of the double bond from the side of the Fe=0 bond.
2.3.8 Regioselective Epoxidations and Stereoselective Rearrangements
There is an immense amount of published research which focuses on 
metallporphyrins being used to mimic biological oxidations. However, 
metallporphyrins have also been used as Lewis acid catalysts for regio- and 
stereoselective rearrangement reactions.^^ The rearrangements of epoxides into 
carbonyl compounds have been well researched and it has been noted that yields of 
either aldehyde or ketone depend on the substituents on the porphyrin ring and the 
reaction conditions employed.
2.3.9 Chiral Metal Complexes
Examples of chiral metal complexes which catalyse asymmetric reactions have been 
well documented over recent years.^^' Indeed, optically active catalysts which 
are used in asymmetric epoxidations reactions are becoming increasingly sort after, 
especially if the desired product is of pharmaceutical or agrochemical interest. As 
noted in section 2.3.1, Sharpless performed with great success, enantioselective 
epoxidation on allylic alcohols and the Jacobsen catalyst which is a Schiff base
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complex has been successful in the epoxidation of achiral olefins; however chiral 
metalloporphyrins also perform this function very well.
2.3.10 Asymmetric Epoxidations
The design of chiral metal catalysts for the asymmetric epoxidation of olefins has 
advanced significantly since the development of the Jacobsen chiral manganese(III) 
salen catalyst. The first chiral metalloporphyrin was reported by Groves and 
Myers/^ in which a picket fence porphyrin was designed, synthesised and used as a 
catalyst in an asymmetric epoxidation reaction. Since then a wide variety of chiral 
porphyrin architecture has been recorded with the ultimate goal being the design of 
asymmetric metalloporphyrin catalysis which gives higher epoxide enantiomeric 
excess. The target to this day still remains -  the simplistic synthesis of chiral 
metalloporphyrins which are robust and efficient catalysts for asymmetric oxygen- 
transfer from a cheap and environmentally friendly oxidant such as hydrogen 
peroxide.
If chemical research is to capture the power of natural enzymes, catalyst design must 
become more advanced and involve larger and more complex supramolecular 
architecture. The use of either hydrogen bonds or electrostatic attraction to ‘dock' 
both substrate and catalyst together in a certain orientation, to enhance chemo-, 
regio- or enantioselective reactions is now being investigated. Indeed, Warnmark et 
al have designed a zinc-porphyrin manganese-salen complex which can form 
hydrogen bonds with each other to obtain a certain orientation as shown in figure
2.33.
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t-Bu t-Bu
H X CHHydrogen Bonding
H X CH
OCjqHji
Figure 2.33 -  A hydrogen bonded zinc-porphyrin manganese-salen complex.
2.3.7 Enhancing Epoxidation Enantioselectivity
However, less is known about the steric, electronic and conformational behaviour of 
the aforementioned chiral ligand that influences enantiomeric excess. It is postulated 
that during the asymmetric induction in metal catalysed reactions, steric exclusion is 
the major factor which influences stereochemical control. It is speculated that 
possible conformational changes will influence the distortion of theoretical planar 
ligands. Indeed, the use of steric bulk (usually through the meso attachment) to 
influence some form of crowding leads to either a twisting or distortion to the 
porphyrin ring."*"* Twisting of the porphyrin ring using a series of bridled 
chiroporphyrins has a profound effect on the enantioselectivity of the epoxidation of 
dihydronaphthalene. The distortion of the porphyrin ring is solely controlled by the 
length of the bridles as shown in figure 2.34. It has been noted that by increasing the 
length of the bridle and the chain becoming more tangled increases the enantiomeric 
excess of the epoxide. This can be seen in table 2.35
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N=.NH
HN
(CH,).
Figure 2.34 -  Distortion of a porphyrin ring using bridles.
Number of 
methylene groups
Average yield (%) Average ee (%) Enantiomeric 
composition (%)
8 62 44 72
9 63 51 76
10 58 63 82
11 54 61 80
12 60 61 80
14 48 53 77
16 47 64 83
Table 2.35 -  Effect on catalytic yield using a distorted metalloporphyrin catalyst.
2.3.8 Symmetry and Electronic Effects on Enantioselectivity
Design of a C2-symmetric chiral catalyst is relatively straight forward. Figure 2.36, 
shows an achiral porphyrin with two possible outcomes from the oxidation of a cis- 
disubstituted olefin. Upon oxidation a racemic mixture of epoxide is formed.
Small
Substituent
Olefin
V
Large
Substituent
Figure 2.36 -  An achiral metalloporphyrin catalyst.
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However, figure 2.37 shows the attachment of a blocking group, which should make 
the porphyrin C2-symmetric and thus chiral. The blocking groups, which would be 
chiral and mode of attachment to the porphyrin, will alter the specific shape and 
orientation of the porphyrin. This adjustment will differentiate between the two 
olefin geometries and in theory should lead to the formation of only one enantiomer.
Small
Substituent
Olefin
\ .
Large
Substituent
Blocking Groups
Figure 2.37 -  Attachment o f blocking groups to a metalloporphyrin catalyst to make a chiral 
porphyrin.
Chiral metalloporphyrins with D2 and D4-symmetry have been used to investigate the 
asymmetric epoxidation of various aromatic alkenes using iodosylenene, pyrazole or 
3-chloroperbenzoic acid (m-CPBA) as oxidant. The use of electron donating and 
withdrawing substituents attached to the porphyrin macrocycle also altered 
enantiomeric excess with the electron donating groups giving the highest 
enantioselectivity.^'^ The porphyrins in question are shown in figure 2.38
50
Chapter Two - Review
1. X = H
2. X = t-BuCO
3. X = Br
4. X = Me
5. X = n-BuO
R = CH2OCH3
O R
Figure 2.38 -  A range of chiral metalloporhyrins used for asymmetric oxidations.
Table 2.39, shows the epoxidation of three different olefin systems using the five 
different ligands listed above.
Substrate Yield (% ) and \ee (%)]
X = H X = t-BuCO X = Br X = Me X = n-BuO
c r ^ 39 [48] 40 [43] 42 [45] 44 [46] 45 [49]
œ 42 [72] 44 [65] 47 [68] 49 [65] 52 [66]
NO2
71 [68] 74 [70] 78 [61] 78 [70] 79 [63]
Table 2.39 -  Epoxide yield upon use of the chiral metalloporphyrin catalysts as shown in figure 
2.41.
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2.4 Metalloporphyrin Supports
2.4.1 Oxidation using Supported Metalloporphyrin Catalysts
One of the major problems associated with catalytic oxidations, is the stability of 
metalloporphyrin catalyst towaids the chosen oxidant. Natural metalloporphyrins 
suffer from being unstable in the presence of oxidants. This is due to either self 
destruction or the formation of the inactive p-oxo dimer as mentioned above.
It is shown that by attaching a metalloporphyrin catalyst to a solid support, the rate of 
degradation will decrease.^^ Supports are also used so the catalysts can be recycled 
after the reaction has taken place, this can usually be done by filtration providing the 
support catalyst is in the solid phase.
Silica/Alumina
Silica and alumina supports are considered to be inert under the most extreme 
conditions and for this reason they are smart supports for metalloporphyrin catalysis. 
The oxidation of cyclohexene to cyclohexanol and cyclohexenol has been recorded 
using simple TPPFeCl and TPPMnCl catalysts which have been adsorbed on silica or 
silica-alumina supports using molecular oxygen and sodium borohydride as an 
electron source .Suppor t s  like these are prepared by hydrolysis, polycondensation 
or cocondensation reactions. By building hybrid organic-inorganic materials and 
making the metalloporphyrin catalysts part of the matrix it is possible to engineer 
micro-structural characteristics such as specific surface areas and porosity."^^
Clay
5,10,15,20-(4-Tetrasulfonatophenyl)porphyrin-2i//; 25//-porphine manganese(II) 
chloride has been intercalated into the interlayer spaces of layered double hydroxide 
clays. These clays posses an anion-exchange ability, this is advantageous when 
using them as a support for organic materials."^^ Figure 2.40 shows a schematic 
representation of how the catalyst would be held within the interlayers. Another clay 
which has been used to immobilize a pyridine functionalised metalloporphyrin 
catalyst is the smectite clay montmorillonite, which is used as a suprabiotic clay for 
the oxidation of lignin model compounds."^^
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SO3O3S
N — Mn—N
SO
Figure 2.40 -  Illustration of a clay supported metalloporphyrin catalyst.
Zeolites
Encapsulations of metalloporphyrin catalysts into mineral matrix frameworks such as 
zeolites are well d o c u m e n t e d . I n d e e d ,  some of these frameworks have been 
given the name ‘ship in a bottle’. The cationic metalloporphyrin sits within a zeolite 
cavity. The zeolite cavity then creates a controlled steric environment for 
epoxidations, just as the protein site of a natural enzyme would. These 
heterogeneous catalysts can then be used in organic media for the oxidation of 
hydrophobic substrates.
Ion Exchange Resin
Immobilisation onto various ion exchange resins has been investigated by 
Tangestaninejad et al.^^ using a tetrasulphonated metalloporphyrin as shown is figure 
2.41. The resins used were IRA-900, IRA-400 and PVP and the yield epoxidation 
using cyclooctene as substrate were 95%, 96% and 95% respectively.^^ The catalyst 
could also be recycled with considerable ease.
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SO3" Na
Na" 0,S SO, Na
X = ion exhange resin 
IRA-900, IRA-400 or PVP
SO3- X
Figure 2.41 -  An Ion exchange resin attached to a metalloporphyrin catalyst.
Polypeptides
The different auxiliary groups which can be attached to the porphyrin ring influences 
which molecules may act as substrates. Indeed, these auxiliaries also have another 
uses, like enzyme binding pockets they also dictate the orientation of the substrate 
and thus the outcome of the oxidation either being either regio or stereoselective. 
The use of a peptide chain gives a high degree of synthetic flexibility in terms of the 
auxiliary or the length of peptide used. By employing a shorter peptide chain the 
size and delicate tertiary structure can be controlled. However, the use of a long 
peptide chain gives the ability to create structures similar to that o f large enzymes. 
Figure 2.42 shows how an attachment to a peptide chain can be made. New families 
of peptidic porphyrins have also been made using solid phase synthesis.^^
, Peptide
Figure 2.42 -  A polypeptide attached to a metalloporphyrin catalyst by thioether linkages.
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Polymers
The simplest way to prepare a polymer immobilized catalyst is to directly react it 
with a functionalised polymer. Two such polymeric resins which could be used are 
the Merrifield resin and the Argogel™ resin and these reactions can be seen below in 
scheme 2.46.^^ There are obvious disadvantages to this method; insertion of the 
metal into the centre of the porphyrin, once inside the polymer, can be low yielding. 
There is a possibly of unwanted side reactions in regards to the use of cross-linked 
polymers, such as attack on the carbon-carbon double bonds of the divinyl cross- 
linkers.^^ However amid these problems there are advantages such as, simplistic 
catalyst purification and isolation and recovery during or after a reaction.
F=N
KjCO,, KI 
DMF 
8000 / 3 days
KjCOj, KI 
DMF 
8©oc / 3 days
F=N
Argogel^M-supported porphyrin Merrifield-supported porphyrin
Scheme 2.43 -  Attaching solid supports to 5-(4-hydroxyphenyi)-10,15,20-triphenyI-2///,25f/- 
porphine.
2.4.2 Shape Selective Oxidations
Dendritic polymers proved the synthetic diversity which leads to varying shape, size 
and surface functionality. This type of architecture can be controlled by simple 
variation in building blocks. The selectivity of the catalysts originates from the 
access which the substrate has through the steric and Van der Waals contacts of the
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substituents at the periphery of the porphyrin. This is shown in figure 2.44 using 2
generations of dendrimers. 58
OROR
OR OR
C l-M n
OR OR
OROR
O
O
Second Generation DcndrimcrFirst Generation Dendriiner
Figure 2.44 -  Two generations of metalloporphyrin dendrimers.
In general, there are two classes of probes for such selectivity - intramolecular and 
intermolecular. Intramolecular probes require the oxidation of non-conjugated 
dienes in which the double bonds are sterically and electronically inequivalent. 
Alternatively, intermolecular competition between two differently shaped alkenes is 
more general/^
2.4.3 Encapsulation
Encapsulation is a term used when the metalloporphyrin catalyst is physically 
entrapped within the support to which it is directly bound. The iron porphyrin
5,10,15,20-tetralds-(4-hydroxyphenyl)-2i//,25//-porphine iron(II) chloride is a good 
example where there are four possible sites of attachment, as shown in figure 2.45. 
This would cause the active metal centre of the catalyst to be trapped within the 
support unable to get to the substrate.
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Figure 2.45 -  Encapsulation of a tetra-substituted iron porphyrin.
On the other hand 5-(4-hydroxyphenyl)"10,15,20-triphenyl-27//,25//-poiphine 
iron(III) chloride would not have this problem as there is only one possible site of 
attachment to a support, this is shown in figure 2.46.
Figure 2.46 -  The non-encapsulation of a mono-substituted iron porphyrin.
2.4.4 Molecular Recognition Systems
Porphyrins with side ligands which have the potential of hydrogen bonding with 
substrates are now being designed for reversible molecular recognition. Tanaka et al 
have designed a porphyrin which allows the reversible binding of 2,3,5,6- 
tetramethoxy-1,4-quinone.^'^ The quinone is captured through irradiation and 
released upon heating. This type of porphyrin-substrate system shows selectivity 
advantages for geometric control. If these models prove successful then this will 
yield a new era in organic stereoselective catalysis. Figure 2.47 also shows both a
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molecular annotation o f the hydrogen bond formed between the porphyrin and 
quinone as well as the 3D model of the bonding.
Figure 2.47 -  Substrate recognition through hydrogen bonding.
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2.5 Aims / Objectives
The aim of this project is to explore the effect on the epoxidation of cyclooctene by 
altering the substituents on the phenyl ring system which is attached to the meso- 
position of the iron porphyrin.
The use of hydrogen peroxide as oxidant for these metalloporphyrin catalysts is well 
known. Hydrogen peroxide itself is labelled as a clean oxidant for three reasons:
1. Water is the side product after an epoxidation reation has taken place and 
hence is considered an environmentally friendly oxidant.
2. Chlorine is not produced after the epoxidation and subsequent bleaching of 
the catalyst. This is generally a problem when chlorine containing oxidants 
are used such as NaOCl.
3. A high proportion of hydrogen peroxide is active oxidant.
Literature recorded the use of mgjo-substituted metalloporphyrin catalysts with 
electron donating and withdrawing groups on the phenyl ring as well as the use of 
supports to help aid catalyst stability during the reaction as well as recovery 
afterwards. Current research now focuses on the development of chiral 
metalloporphyrin catalysts; these are being used to look at the oxidation of prochiral 
substrates. The intention is to look again at the non-chiral mejo-porphyrins which 
have slight electronic and structural variations.
More specifically the objectives are:
The synthesis of iron porphyrin macrocycles with activating and deactivating 
substitutents attached to the phenyl group in the meso position. Each of the 
aforementioned functional groups again ranges in positional substitutions at 
the meso positions i.e. mono-, bis, (cis and trans)-, tri- and tetra- and in 
some cases, again range in phenylic positional changes i.e. meta and para.
■ In order to investigate the effects of catalyst structure on epoxidation 
efficiency, the epoxidation of cyclooctene will be monitored using gas 
chromatography with dodecane as an internal standard.
The degradation of the iron porphyrin catalyst will be monitored by 
observing its decreasing Soret band around 415nm according to UV-Vis 
spectroscopy. From the information obtained, the half life data for the iron 
porphyrins can be obtained and the Guggenheim kinetic method used to 
obtain first order rate constants for degradation, /fobs-
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CHAPTER THREE
Results and Discussion: 
Synthesis of Iron Porphyrins 
and Precursors
3.1 Introduction
Over the last fifteen years porphyrin chemistry has undergone a revival due to its 
potential applications in catalysis/'  ^photodynamic therapy^' magnetic imaging 
enhancement agents^, electrochemistry^'^ and solar energy conversion/^’ The
synthesis of porphyrins can be achieved in one of two ways:
1. Total synthesis -  usually the most accepted approach, due to the moderate 
yields of the desired final product and the simplistic modifications of 
chemical substituents which are attached to the pyrrole sub-unit.
2. Chemical modification of natural porphyrins -  although chemical 
modification of naturally occurring porphyrins e.g. haem, appears 
advantageous, limitations in regards of cost and low yield are considerable.
3.2 The Synthesis of Functionalised Porphyrin
There are many ways to synthesise porphyrins. Of these, six of the most common 
approaches are discussed in turn. The latest method is microwave synthesis, a 
growing trend, labelled as Green Chemistry.
3.2.1 Rothemund and Adler -  Longo Method
In 1935, Rothemund observed the formation of porphine by distilling pyrrole into a 
solution of gaseous acetaldehyde and methanol, using tliree varying conditions:
1. the reaction was stirred at room temperature for several weeks;
2. the reaction was heated under reflux for 1 5 - 2 0  hours and
3. the reaction was heated in a sealed tube for 15 -  20 hours in a water bath.
In each case the reactants were then distilled to remove the methanol, aldehyde and 
pyrrole; the residue was then dissolved in pyridine, which in turn was transferred into
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ether and triturated with hydrochloric acid. Although this approach gave porphyrins, 
the yields were low and steps many. This however was not the only method 
proposed by Rothemund, who can be said to have pioneered porphyrin synthesis. 
Rothemund published two procedures'"^’ to yield 5,10,15,20-tetraphenyl-27//,2ii/- 
porphine (H2TPP), the basic pyrrole, benzaldehyde cyclo-condensation reaction is 
shown in scheme 3.1. The porphyrin is formed from a mixture of benzaldehyde and 
pyrrole in a sealed tube at 150°C for 24 hours. So harsh were these reaction 
conditions that only a limited number of aromatic aldehydes survived the procedure.
5  150®C / 24 hourso ■NH
Scheme 3.1 -  The Rothemund reaction between benzaldehyde and pyrrole to yield H2TPP.
Improvements to these conditions were made in 1967 by Adler and Longo;^^ they 
used propionic acid as solvent and refluxed the reaction mixture in open air for 30 
minutes. This methodology led to an increased number of substituted aromatic 
aldehydes being employed, which lead ultimately to a greater diversity of 
functionalised porphyrins. Moderately higher yields were also reported for the meso- 
tetra-substituted porphyrins using the Adler and Longo method, as well as an 
opportunity to scale up these reactions, something which was not possible using the 
Rothemund procedure. Not surprisingly, these conditions will only suit aromatic 
aldehydes that are capable of withstanding acidic conditions. One main problem still 
existed with the Adler-Longo approach; aromatic aldehydes and alkyl derivatives 
which bear ionisable functional groups are prone to the formation of porphyrin acid 
salts, which inevitably leads to increased solubility in acidic solvent. Isolation of 
these porphyrins can be complicated, but is achievable. This approach is still widely 
used when multi-gram quantities of porphyrins are required and the aldehydes can 
withstand acidic conditions.
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3.2.2 Lindsey Method
The more recent Lindsey method aims to achieve two main targets which are almost 
impossible using the Adler-Longo approach:
1. the formation of porphyrins which have sensitive aldehyde groups;* and
2. the preparation of sterically hindered porphyrins such as 5,10,15,20-tetrakis- 
(2,6-dichlorophenyl)-27//,2i//-porphine as showm in figure 3.2.
Figure 3.2 -  The sterically hindered 5,10,15,20-tetrakis-(2,6-<dichlorophenyl)-2///,2J//-porphine.
Lindsey postulated that the potential formation of 7 other porphyrin types were 
possible when using a mixture of aldehydes, as illustrated in chart 3.3.'^
It is well documented that the porphyrins whose meso aryl substituents are ortho 
substituted are extremely difficult to prepare, which is due to steric crowding. These 
porphyrins show potential for unusual optical properties, which are attributed to the 
aforementioned crowding effect around the macrocyclic ring leading to a non-planar 
conformation. The Lindsey method relies on the formation of a porphyrinogen as an 
intermediate, the existence of which was discovered by Dolphin, surprisingly using 
the conditions reported by Adler-Longo}^
The only drawback to this method is that high dilution (typically 10*^  M) is required.^ 
The dilution condition is an important one, as it optimises the formation of the 
porphyrinogen over the open chain polypyrrylmethanes.
* Aldehydes which would normally be destroyed using the Adler-Longo method can be employed. 
 ^Scaling up the reaction can be problematic.
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NH
A
A
A
A^-porphyrin
AjB-porphyrin c«-A2B2-porphyrin
•N N-
H "-N N-
A
B
//'fl/w-AjBj-porphyrin
p=N
A
C
B
c/s-ABjC-porphyrin
A
B
A
D
/miw-ABjC-porphyrin ABCD-porphyrin
Chart 3.3 -  The possible formation of 7 porphyrin types when using the mixed aldehyde 
approach.
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The formation of H2TPP was used as a model when dilution conditions were being 
optimised?^ This type of reaction proceeds under Lewis acid catalysis and an 
equilibrium is established with the tetraphenylporphyrinogen. Usually an oxidant is 
added, this can be 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) the structure 
of which can be seen in figure 3.4; causing the equilibrium to shift leading to the 
irreversible formation of the porphyrin.
NC
NC
O
Figure 3.4 -  The structure of the oxidant 2,3-dichloro-5,6-dicyano-l,4-benzoquinone.
It was found that the optimum yield was produced when equimolar concentrations of 
pyrrole, benzaldehyde, triethylorthoacetate and boron trichloride were employed 
under inert conditions in pure dicliloromethane (DCM).^' The solution was stirred for 
one hour, followed by refluxing in the presence of the oxidant for a further hour.
3.2.3 2+2 Porphyrin Synthesis
This synthetic strategy was established by MacDonald in 1960. This approach 
brings together two dipyrromethane molecules, though a condensation reaction to 
yield a porphyrin.
NH
H
H HN
H
Scheme 3.5 -  The 2+2 MacDonald approach.
* Purified by drying over calcium hydride.
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As shown in scheme 3.5, one of the dipyrromethanes bears two aldehyde groups 
alpha to the pyrrolic nitrogen. This type of approach obviously leads to greater 
regioselective control, allowing ^/^'-substituted porphyrins, with ligands in the trans 
position to be prepared solely, without the formation of other porphyrins, something 
which has been an underlying problem with previous approaches.
3.2.4 3+1 Porphyrin Synthesis
The 3+1 method was developed to synthesise exotic porphyrinoid structures*^ as well 
as many sophisticated porphyrins such as phenanthrolinoporphryins containing fused 
1,10-phenanthroIine s u b - u n i t s T h i s  approach has also been successfully adapted to 
produce mono-functionalised alkylporphyrins.^* Interestingly, another application 
has been its use in regioselective reactions.^^ The 3+1 approach involves the 
condensation of a tripyrrane (a compound which contains three pyrrole groups 
attached alpha to the ring nitrogens by two saturated carbons) with a diformyl 
pyrrole under acidic conditions;^^ an example of this is the fonnation of 
octaalkylporphyrin^"* as shown, in scheme 3.6.
NH
HN
NH N ^(i) TFA
HN
Scheme 3.6 -  The 3+1 method shows the formation of octaalkylporphyrin.
Another synthetic route has been put forward showing the synthesis of scrambled 
porphyrin systems and these are shown in scheme 3.7.^^ One drawback to this 
method is that low yields are produced in comparison with the 2+2 condensation 
method and the Adler-Longo approach.^^
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OH
HO
N HN
R H1
NH N ^
R 3
DDQ " ^
Z = NH, S, O
Scheme 3.7 -  The 3+1 approach can be modified to yield scrambled porphyrins.
3.2.5 Template Method
The formation of a porphyrin macrocycle around a metal centre is known as a 
template synthesis. However, this could be viewed as a disadvantage as a 
paramagnetic metal centre will hinder Nuclear Magnetic Resonance (NMR) 
characterisation of the synthesised product. Scheme 3.8 shows the formation of a 
tetrabenzoporphyrin around a zinc metal centre.
CH,
Zn (NHJ,
2+ +2e"
-12 H ,0
Scheme 3.8 -  The formation of tetrabenzoporphyrin around a metal centre.
The 2 electrons that are required for the reduction step can be liberated from the 
decomposition products of excess 2-acetylbenzoic acid. Although this is a one step 
synthesis, extreme temperatures are required (400°C) and the reaction is relatively 
low yielding (approximately 17%).^^
3.2.6 Microwave/Gas Synthesis
Microwave synthesis is an important tool in modern day organic chemistry. It 
illustrates a new way of performing chemical synthesis in little or no solvent. Instead 
of thermal heating, microwave imadiation is applied instead, promoting a reaction 
between two or more starting materials. Traditionally porphyrin synthesis has been
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performed in corrosive, high boiling point solvents, such as acetic or propionic 
acid.^^ The use of halogenated solvents combined with Lewis acid catalysts have 
also been recorded/^' Toxic oxidising compounds are used to convert the 
porphyrinogen to the porphyrin, an example of this would be DDQ.^^’ In 
microwave synthesis the reaction takes place either on a solid support (usually silica 
gel),^^ or in a small amount of propionic acid. Air oxidation of the porphyrinogen 
intermediate yields the porphyrin.^^ Gas synthesis is another example of porphyrin 
synthesis using green methods. This is where the reaction takes place in a sealed 
pressure vessel at high temperatures (ca. 235°C).^^ Porphyrins with crowded ligands 
(e.g. ligands in the o/T/zo-position) can also he synthesised using this method.
3.2.7 Purification of Synthesised Porphyrins
Purification of specific porphyrin macrocycles from a crude mixture can be achieved 
using column chi'omatography. If the correct solvent blends are employed, the 
porphyrins can be separated with ease in order of their polarities. Precipitating a 
pure porphyrin from a crude mixture either using metal ions or recrystallisation from 
a mixture of solvents is not an option if there is more then one porphyrin system 
present.^ High Performance Liquid Cinematography (HPLC) systems cannot be 
used to sepaiate a crude porphyrin mixture if there are large volumes of porphyrins 
produced, nor can other procedures such as sublimation, distillation or freeze drying.
3.2.8 Mechanism of Porphyrin Formation (Adler-Longo Method)
The accepted mechanism for the formation of porphyrins using the Adler-Longo 
method, involves an electrophilic aromatic substitution. The carbon framework of 
the porphyrin itself is comiected through eight electrophilic substitutions between the 
pyrrole and aromatic aldehyde. The product obtained from this substitution reaction 
is called a porphyrinogen -  it has a saturated methylene group separating the pyrrole 
fragments in the macrocycle. Oxidation of the porphyrinogen yields a porphyrin. 
The porphyrin itself is an 18 electron compound, so is considered aromatic.
Scheme 3.9 shows the mechanism of assembly for H2TPP.
 ^This is not the case if the porphyrin has already been formed, i.e. deprotecting one porphyrin to form 
another.
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OH
H
Six more electrophilic 
substitutions later
NH
HN
Oxidation & 
aromatization
Scheme 3.9 -  The mechanism of formation of H2TPP.
3.2.9 Metal Insertion into the Porphyrin Cavity
Metal insertion into the cavity of the porphyrin macrocycle yields a 
metalloporphyrin. While the template synthesis allows the porphyrin to form around 
a metal ion, a more practical way of inserting a metal ion into the cavity of a 
porphyrin is through refluxing in dimethylformamide (DMF) with a hydrated metal 
chloride as shown in scheme 3.10. Of course if the metal centre is paramagnetic then 
a problem exists with NMR characterisation as mentioned above, so other methods 
must be used such as mass spectrometry, elemental analysis and UV spectroscopy. It 
has been recorded that group one metals, lithium and sodium co-ordinate above and
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below the cavity of the macrocyclic ring system causing a stacking effect.^"  ^ This is 
not seen in the larger transition metal ions such as iron, manganese or nickel. It is 
also important to note that magnesium, which is the metal ion in chlorophyll, 
occupies the middle of the cavity and not above and below like its group one 
neighbours.
•NH FeCl, 4H ,0
DMF / Reflux / 5 Hours
,CI— -Fe
Scheme 3.10 -  Metal insertion into the metalloporphyrin cavity.
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3.3 Synthesis of Porphyrin and Precursors
3.3.1 Brief Overview of the Project
After reviewing current literature regarding the synthesis of porphyrins, it became 
apparent that the great extent of published research focuses on epoxidation by tetra- 
substituted metalloporphyrin catalysts; the only variation being the ligands 
attached/* This thesis seeks to remedy that by looking in detail at both structural 
and electronic variations of substituents as emphasised in section IT and later in 
section 2.5.
3.3.2 Synthesised Porphyrins
Listed below are all the meso porphyrin macrocycles which were successfully
synthesised along with their code numbers, their positional and structural variations
on the phenyl ring can be seen in table 3.12. The precursors to some of these 
porphyrins were prepared first in order to limit further alteration to the porphyrin 
macrocycle, it is also hoped that this may also reduce any further purification 
procedures at a later stage.
H2TPP: This is formed whenever benzaldehyde is used as one of the
aldehydes.
IP -  lOP: These porphyrins all have the 4-toluenesulphonyl group(s) attached in
either the meta or para position of the phenyl ring. They have been 
prepared using the classic Adler-Longo method. The precursors for 
this reaction were prepared in the laboratory by reacting 3 and 4-
hydroxybenzaldehdye with 4-toluenesulphonyl chloride in the
presence of a base.
11P-20P: These porphyrins all have the hydroxy group(s) in the meta or para
positions of the phenyl ring and were prepared by the removal of the 
4-toluenesulphonyl protecting group.
21P -25P : These porphyrins had the methoxyphenyl moieties attached to the
para position of the phenyl ring. These have been prepared by the 
classic Adler-Longo method using 4-methoxybenzaldhyde.
Electron donating vs. electron withdrawing
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26P -30P : The porphyrins with the nitro group(s) in the para  position of the
phenyl ring were prepared by electrophilic substitution which 
involved reacting fuming nitric acid with H2TPP or microwave 
enhanced synthesis using an equal molar ratio of 4-nitrobenzaldehyde 
and pyrrole.
31P -35P : The porphyrins with the aminophenyl functionality/functionalities
were prepared by reduction of the nitro group(s) in the presence of 
tin(II) chloride dihydrate and 12M hydrochloric acid.
36P: The electron withdrawing porphyrin, 5,10,15,20-tetrakis-(4-
chlorophenyl)-2i//,25i/-porphine was prepared by reacting 4- 
chlorobenzaldehyde with pyrrole in refluxing propionic acid. An 
attempt at preparing a variety of these chloro-substituted porphyrins 
was made, however due to separation problems only the tetra- 
substituted porphyrin was prepared.
37 - 39P: trans-Cirmamyl chloride was attached onto the mono -  ortho, meta
and para hydroxyphenyl poi-phyrins in order to see if the trans double 
bond of the cinnamyl group would sit over the porphyrin metal centre. 
This is interesting from a theoretical point of view as it may have been 
possible for the iron porphyrin to achieve internal epoxidation fi'om an 
axial orientation.
40P: A-tert-butoxycarbonylglycine (Boc-glycine) was attached to each OH
group of 5,10,15,20-tetrakis-(4-hydroxyphenyl)-2i//,2W-porphine. 
An attempt at maldng porphyrins with glycine functionalities in 
different positions around the macrocyclic ring system was attempted, 
however the removal of the Boc protecting group proved problematic 
due to the ester groups being present in the molecule. Figure 3.11 
shows possible non-selective cleavage of a mono-Boc substituted 
porphyrin.
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Cleavage at both positions 
proved problematic
Figure 3.11 -  Non-selective cleavage of the ester attachment over the amide as shown by a 
mono-boc substituted porphyrin.
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3.3.3 Structures of Synthesised Symmetrical and Unsymmetrical Porphyrins
Listed in figure 3.12 and table 3.13 are all the porphyrins that have been synthetically 
prepared in the laboratory. The sections highlighted in grey indicate the porphyrins 
which could not be separated and the boxes highlighted red indicate the porphyrin / 
metalloporphyrins attempted, but which could not be prepared due to problematic 
yields.^^ Due to the low yields obtained upon synthesis of these porphyrins, the 
synthetic reactions had to be repeated before metal insertion was carried out. As 
purification of the porphyrins is challenging, column chromatography had to be 
employed with varying blends of solvents.
HN
CH OH
3-PhOH 4-PhCI3-TosPhPh
O p OHCH CH
NH N ^
Cl
4-TosPh 4-PhOH 4-PhOMe
NO,
4-PhNO,
O
2-CinnPh
4-PhNH
3-CinnPh
H
4-BocGlyPh
4-CinnPh
Figure 3.12 -  The structures of the phenyl systems attached to the porphyrin ring.
The porphyrins/ metalloporphyrins highlighted in red have been kept in the list for completeness.
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Porphyrin
Code
R' R: R^ r " Novel Metal
Code
(Iron)
Novel
H2TPP Ph Ph Ph Ph X TPPFeCl X
IP 3-TosPh Ph Ph Ph / IMP /
2P 3-TosPh Ph 3-TosPh Ph / 2MP /
3P 3-TosPh 3-TosPh Ph Ph / 3MP /
4P 3-TosPh 3-TosPh 3-TosPh Ph / 4MP /
5P 3-TosPh 3-TosPh 3-TosPh 3-TosPh / 5MP /
6P 4-TosPh Ph Ph Ph X 6MP X
7P 4-TosPh Ph 4-TosPh Ph / 7MP /
8P 4-TosPh 4-TosPh Ph Ph / 8MP /
9P 4-TosPh 4-TosPh 4-TosPh Ph / 9MP /
lOP 4-TosPh 4-TosPh 4-TosPh 4-TosPh X lOMP /
IIP 3-PhOH Ph Ph Ph X IIMP X
12P 3-PhOH Ph 3-PhOH Ph X 12MP /
13P 3-PhOH 3-PhOH Ph Ph X 13MP /
14P 3-PhOH 3-PhOH 3-PhOH Ph X 14MP /
15P 3-PhOH 3-PhOH 3-PhOH 3-PhOH X 15MP /
16P 4-PhOH Ph Ph Ph X 16MP X
17P 4-PhOH Ph 4-PhOH Ph X 17MP /
18P 4-PhOH 4-PhOH Ph Ph X 18MP /
19P 4-PhOH 4-PhOH 4-PhOH Ph X 19MP /
20P 4-PhOH 4-PhOH 4-PhOH 4-PhOH X 20MP X
21P 4-PhOMe Ph Ph Ph X 21MP X
22P 4-PhOMe Ph 4-PhOMe Ph X 22MP /
23P 4-PhOMe 4-PhOMe Ph Ph X 23MP /
24P 4-PhOMe 4-PhOMe 4-PhOMe Ph X 24MP /
25P 4-PhOMe 4-PhOMe 4-PhOMe 4-PhOMe X 25MP X
26P 4-PhN02 Ph Ph Ph X 26MP X
27P 4-PhN02 Ph 4-PhN02 Ph X 27MP /
28P 4-PhN02 4-PhN02 Ph Ph X 28MP /
29P 4-PhN02 4-PhN02 4-PhN02 Ph X 29MP X
30P 4-PhN02 4-PhN02 4-PhN02 4-PhN02 X 30MP
31P 4-PhNH2 Ph Ph Ph X 31MP /
32P 4-PhNH2 Ph 4-PhNH2 Ph X 32MP /
33P 4-PhNH2 4-PhNH2 Ph Ph X 33MP /
34P 4-PhNH2 4-PhNH2 4-PhNH2 Ph X 34MP
35P 4-PhNH2 4-PhNH2 4-PhNH2 4-PhNH2 35MP
36P 4-PhCl 4-PhCl 4-PhCl 4-PhCl 36MP X
37P 2-CinnPh Ph Ph Ph / 37MP /
38P 3-CinnPh Ph Ph Ph / 38MP /
39P 4-CinnPh Ph Ph Ph / 39MP /
40P 4-
BocGlyPh
4-
BocGlyPh
4-
BocGlyPh
4-
BocGlyPh
/ 40MP /
Table 3.13 -  The synthesised porphyrins and iron porphyrins. Note: sections highlighted in 
grey indicate the porphyrins which could not be separated and the boxes highlighted red 
indicate the porphyrin / metalloporphyrins which were not able to be prepared.
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3.4 Rationale
In addition to the porphyrins it was necessary to prepare and study other materials. 
The reasoning behind these preparations is outlined below.
3.4.1 Synthesis of {2R, i/2)-Diphenyloxirane and (2R,i5)-Diphenyloxirane
The epoxidation of stilbene is an important reaction for monitoring metalloporphyrin 
catalysis of oxidations, so the epoxide product is required as a reference.
For characterisation puiposes, it is essential that these epoxides are of good purity. 
The synthesis of E- and Z-stilbene oxides using w-chloroperoxybenzoic acid (m- 
CPBA), as shown in scheme 3.14, was confimied by NMR analysis. As the oxidative 
reaction of an olefin produces the epoxide primarily, characterisation of this must be 
without error. The oxidation of this compound was investigated due to a large amount 
of potential side products.
m-CPBA
(2iî,i/î>DiphenyloxiraneE-stilbene
Scheme 3.14 -  The epoxidation of £'-stilbene.
3.4.2 Protection of 4-Hydroxybenzaldehyde using 4-Toluenesulfonyl Chloride
Some poiphyrin syntheses involve the presence of an OH (phenol) group. This group 
may require protection in order to prevent probable hemiacetal formation in acidic 
solution, tlie mechanism of which is shown in scheme 3.15. As a porphyrin is 
synthesised in propionic acid then 3- or 4-hydroxybenzaldehyde could not be used 
directly when trying to form a porphyrin. The protecting group employed for these 
reactions was 4-toluenesulfonyl chloride as this is acid stable. Also, methanol is 
required to aid porphyrin precipitation from the reaction mixture; this is due to the 
synthesised tosylphenyl porphyrins being totally insoluble in this solvent.
Cleavage of the ‘tosylate’ group can be achieved under basic conditions using 
potassium hydroxide in a 2:1 (v/v) mixture of absolute alcohol and DMF.
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H
OH
OH
OH
OH
A Hemiacetal
Scheme 3.15 -  Possible hemiacetal formation of 4-hydroxybenzaldehyde.
3.4.3 Synthesis of 3,6-Diaminoacridine
Much research has gone into looking at the medicinal properties of the acridines not 
only as anti-cancer dmgs but also as anti-wound agents.^^ It was desirable to look at 
its selective brealcdown using not only the newly synthesised catalysts, but also the 
catalysts which are available commercially. The results obtained could then be 
compared with findings from published work?^ NMR spectroscopy, mass 
spectrometry and melting point analysis was done to characterise this acridine. It is 
important to analyse these chemicals thoroughly in order to be exact when determining 
the full extent of possible oxidative breakdown. The structure of 3,6-diaminoacridine 
is shown in figure 3.16. The oxidation of this compound however was not studied 
during this project.
N
Figure 3.16 -  The structure of 3,6-diaminoacridine.
3.4.4 Protection of 4-NitrobenzaIdehyde
The nitrophenyl porphyrin is of great use as reduction of the nitro group yields the 
amino moiety. Amino acids or sol gels may then be attached to these porphyrins 
with relative ease through the amino group. Due to difficulty in yielding any type of 
porphyrin with an amino functionality, the synthetic route which is shown in scheme 
3.38 was attempted. This started with the protection of 4-nitrobenzaldhyde using a 
cyclic ketal. The structure of 4-nitrophenyl-1,3-dioxane is shown in figure 3.17.
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However, the reduction of the nitro group proved problematic due the cleavage of the 
cyclic ketal in under acidic conditions.
NO;
O
Figure 3.17 -  The structure of 4-nitrophenyl-l ,3-dioxane.
3.4.5 Attachment of Cinnamyl Chloride to 2-, 3- and 4-Hydroxybenzaldehyde
A hypothesis of this project is that axial approach of an alkene to the Fe = O 
intermediate is important. In order to see if a double bond of the cinnamylphenyl 
ligand positioned itself near or even over the metal centre of the catalyst, it was 
planned to attach a cinnamyl group using 2-,3- and 4-cinnamyloxybenzaldhyde to the 
ortho, meta and para positions of the phenyl ring which is attached to the porphyrin 
though an ester link. The 3D modelling of these structures using Chem-3D and 
Spartan are shown in figures 3.18, 3.19 and 3.20. If this hypothesis is correct, then 
oxidation of the ortho substituted material ought to be favoured. Structural analysis 
by Syncrotron radiation of crystal structure, which might have supported the 
modelling was attempted, but was unsuccessful.
Figure 3.18 -  The molecular calculation for 5-(2-cinnamyloxyphenyl)-10,15,20-triphenyl-
2 //f,2 i/f-porphine iron(III) chloride (37MP).
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Figure 3.19 -  The molecular calculation for 5-(3-cinnamyloxyphenyl)-10,15,20-triphenyl- 
iron(lll) chloride (38MP).
Figure 3.20 -  The molecular calculation for 5-(4-cinnamyloxyphenyl)-10,15,20-triphenyl- 
2//f,23AT-porphine iron(III) chloride (39MP).
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3.4.6 Rationale behind Porphyrin Synthesis
Given the advances in chromatographic separation techniques and the ready 
availability of starting pyrrole and substituted aromatic aldehyde, it was felt that a 
simple Alder-Longo approach was viable for one-pot preparation of all (or at least 
several of) the components (e.g. mono-, bis-cz5-, \As-trans-, tris-, tetrakis-) of a 
particular series as a mixture.
Of particular interest were the 3- and 4-hydroxyaryl porphyrins. These represent 
very electron-rich substituents that are not often explored in metalloporphyrin 
oxidation chemistry. At the start of the project in 2002, there were very few reports 
of syntheses of simple meso hydroxyphenyl porphyrins other than the mono- and 
tetra-substituted, and although a few more appeared during the course of the project, 
even as of 2007 there are only four references to bis-czj- (1),^  ^h\s-trans- (2),^^, and 
tris-(l),^^-(3-hydroxyphenyl)porphyrins, and a few more to their 4-hydroxy 
analogues in the literature. Even where the compounds are reported, experimental 
details are scant, and characterisation may not be com ple te .L ite ra tu re  syntheses 
generally involve either reaction of pyrrole and hydroxybenzaldehyde/benzaldehyde, 
but with repeated chromatography, e.g. column cliromatography followed by 
preparative TLC, or de-methylation using boron tribromide of the methoxy 
precursors.^^ An aim of this research was to explore the route via the alternative 
tosyl protecting group. This can be removed under alkaline conditions.
The nitro-substituted compounds are required as porphyrins with strongly electron- 
withdrawing groups, but also for further transformation to the potentially versatile 
amino-phenylporphyrins. The nitrophenyl porphyrins were prepared either by 
condensation of pyrrole and nitrobenzaldehyde/benzaldehyde by microwave 
irradiation, or by nitration of H2TPP.
The amino-substituted porphyrins were required, not only as electron-rich 
porphyrins, but because the amino groups would allow easy attachment of other 
moieties to the porphyrins. These were to be obtained by the standard reduction of 
the nitrophenyl porphyrins.
An aim of the project was to prepare porphyrins with more reactive side groups, and 
thus three porphyrins with cinnamyloxyphenyl were prepared. The three mono- 
cinnamylphenylporphyrins, ortho-, meta- and para- were designed to test for 
the'proximity effect', i.e. the importance of getting the alkene positioned ‘over’ the
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putative Fe=0 intermediate in the subsequent use of the metalloporphyrins as 
epoxidation catalysts. It was expected that the rate of intramolecular epoxidation 
(or the extent of epoxidation, should the metalloporphyrin be bleached before 
complete epoxidation, as is often the case with intermolecular epoxidation) would be 
in the order ortho- > meta- > para-. The cinnamyl group was chosen so that the 
rate/extent of epoxidation might be monitored by observing the change in Uv-Vis 
spectrum caused by the loss of conjugation as the cimiamyl C=C is epoxidised. It 
was anticipated that concentrations at Uv-Vis levels, i.e. pM would be both sufficient 
(for what would be an intramolecular epoxidation) and necessary to prevent 
competing intermolecular epoxidation.
Apart from their use as electron-rich porphyrins for the catalyst studies, the 
hydroxyl- and amino-phenylporphyrins were expected to be precursors for more 
complex substituted poiphyrins, and so it was planned to introduce amino acid 
substituents in this way so a docking arm approach could be studied as shown in 
section 3.7.9.
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3.5 Synthetic Preparations of Oxidation Products and Porphyrin 
Precursors -  Results and Discussion
The spectroscopic data that have been recorded for the assignment of these 
compounds are as follows:
■ Infrared (IR) Spectroscopy;
■ Mass Spectrometry -  Chemical Ionisation (Cl), Electron Impact (El), Fast 
Atom Bombardment (FAB); and
■ NMR -  Proton (^H), Carbon (’^C), Correlation Spectroscopy (COSY), 
Heteronuclear Multiple Quantum Coherence (HMQC) and Distortionless 
Enhancement by Polarization Transfer (DEPT).
3.5.1 {2R^3R) and (25,J5)-Diphenyloxirane and (2/?,35)-Diphenyloxirane
(1) (2)
Figure 3.21 -  The structures of (2/f,3/f)-diplienyloxirane (1) and its diastereomer {2R,3S)- 
diphenyloxirane (2).
The syntheses of (2i ,^ ii?)-diphenyloxirane (1) and its diastereomer {2R,3S)~ 
diphenyloxirane (2) (meso form), as shown in figure 3.21, were accomplished using 
m-CPBA in chloroform. The reaction procedure was taken from a literature method 
and alterations were made to yield the desired products."^^
Epoxidation is Stereospecific
This epoxidation achieves syn addition of an oxygen atom to a double bond. The 
stereospecificity of the reaction indicates that ring formation takes place in one step 
and does not involve a free carbocation. The mechanism in scheme 3.22 shows the 
transfer of an oxygen atom p  to the carbonyl from the m-CPBA to the double bond of 
the alkene."^*
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H
R H R Ar
H R
R H
Ar
transition state for 
epoxididation
Scheme 3.22 -  The mechanism and transition state for epoxidation using m-CPBA.
Structural Analysis
IR spectroscopy gives an indication of the functional groups present in a molecule. 
As both compounds are identical in terms of functionalities the following stretches 
were seen for both molecules. Stretches at 691 cm"% 697 cm"% 749 cm’* and 766 cm'* 
are all characteristics of a mono-substituted benzene. A series of stretches at 1414 
cm’*, 1453 cm’*, 1462 cm’*, 1494 cm’*, 1501 cm’* and 1604 cm* are all 
characteristics of an aromatic compound. Stretches at 2990 cm’*, 3036 cm’* and 
3062 cm’* are characteristic of CAr~H.
Mass spectrometry using Cl for both compounds gave a molecular peak at 197.1 [M 
+ H^], which can be assigned to the parent. It is interesting to note that Cl was used 
rather the electron impact ionisation (El); it was feared the epoxide may fragment 
under such harsh conditions as imposed by El ionisation.
The NMR assignments for both compounds are summarised in tables 3.23 and 3.24 
respectively, this agrees with the literature.
*H Multiplicity (*H) 13c Assignment
3.86 Singlet 62.8 2’ and 3’
- Multiplet 137.2 1
7 .37-7 .36 Multiplet 128.6 2 and 6
7.35 -  7.34 Multiplet 128.4 3 and 5
7.32 Multiplet 125.5 4
5
4 3
Table 3.23 -  The NMR peak assignments for (2R, i/f)-diphenyloxirane using CDCI3 as solvent
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‘h Multiplicity ( H) 13c Assignment
4.35 Singlet 59.7 2 ‘and 3’
- Multiplet 134.4 1
7.15 Multiplet 127.8 2 and 6
7.14 Multiplet 127.5 3 and 5
7.13-7.12 Multiplet 126.9 4
H  O  H
Table 3.24 -  The NMR peak assignments for {2R, 55)-diphenyIoxirane using CDCI3 as solvent.
HMQC and COSY experiments were performed on both these molecules to clarify 
proton-carbon interactions as well as proton-proton coupling. Melting point analysis 
was also used for confirmation purposes."^^
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3.5.2 Synthesis of the Toluene Sulphonyl Protected Aldehydes
4-Toluenesulphonyl chloride as shown in figure 3.25 is often referred to by the name 
‘tosylate’. This is a common protecting group employed to protect amines and 
alcohols.
Figure 3.25 -  The structure of 4-toluene sulphonyl chloride.
2- and 3-Toluenesulphony 1 chlorides are also available but the 4- (para orientation) 
is most frequently used. The sulfonyl group consists of a sulphur atom which is 
hexavalent and bonded to two oxygens, an aromatic ring system and a chlorine atom. 
The 2-, 3- and 4- relates to the position of the methyl group which is attached to the 
aromatic ring. The tosyl group itself is electron withdrawing and thus can be used 
not only as a protecting group but can also be used to alter the reactivity of a 
molecule. Indeed, toluenesulfonyl chlorides can also activate alcohols toward 
nucleophilic attack or elimination. This can be seen in the protection of ethylene 
glycol molecules which can then be used to link two molecues together. An example 
of this is shown in scheme 3.26 by the synthesis of 2,5,8,ll,14-pentaoxa-26- 
azatetracydo[13.9.3.0.0] heptacosa-l(25), 15, 17,19,21,23,26-heptaene."^^
N aH  /  D M F
Scheme 3.26 -  The synthesis of 2,5,8,11,14-pentaoxa-26-azatetracyelo[ 13.9.3.0.0] heptacosa- 
1(25), 1 5 ,17,19,21,23,26-heptaene.
Once bonded to either a primary or secondary alcohol they are formally known as a 
sulfonate ester. Deprotection of a sulfonate ester is usually carried out under basic 
conditions.
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The most common way to purify 4-toluene sulfonyl chloride before use, is to 
recrystallise from petroleum ether and the minimum amount of chloroform, this 
removes any tosic acid which has been formed over time, often causing brown lumps 
to be observed (this results in a lowering o f  its melting point from  67. 68.5°C to
As this is an Sn2 reaction, solvent effects do contribute and the optimum solvent for 
this reaction is a polar aprotic solvent such as DCM.
There are two proposed mechanisms for the nucleophilic attack at the sulphur atom, 
these are shown in schemes 3.28 and 3.29 respectivley. To illustrate these 
mechanisms, 4-tosyloxybenzaldehyde has been used as the target molecule, the 
formation of 2- and 3-tosyloxybenzaldehyde is thought to occur through the same 
mechanism.
Both aformetioned mechanisms independently suggest the formation of each of the 
reactive species as shown in figure 3.27. The reactivity of the sulfene is generally 
thought to be 1000 times greater than the ‘oxygen nucleophile’.
'Oxygen Nucleophile' 'Sulfene'
Figure 3.27 -  The structure of the ‘oxygen nucleophile’ and ‘sulfene’.
Mechanism One -  Attack from the Oxygen Nucleophile
DCM
O
Et.N:
O
Scheme 3.28 -  Mechanism illustrating the formation of an oxygen nucleophile.
H ^  ' S - /  V -C H , + HCI
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Mechanism Two -  ^Sulfene* Formation
Et,N:ta
- o p
■^-Tosyloxybciizaldehyde
H
^ HCI
Scheme 3.29 -  Mechanism illustrating the formation of a ‘sulfene’.
Structural Analysis
The structures for 2-tosyIoxybenzaldehyde (3), 3-tosyloxybenzaldehyde (4) and 4- 
tosyloxybenzaldehyde (5) are shown in figure 3.30. The preparation for the ortho 
substituted porphyrins which required 3 as a starting aldehyde proved problematic 
due to steric issues and these were not formed, however this aldehyde is still listed as 
a synthesised compound.
o-so
(3) (4)
CH3
CH3
(5)
Figure 3.30 -  The structure of 2-tosyloxybenzaldehyde (3), 3-tosyloxybenzaldehyde (4) and 4- 
tosyloxybenzaldehyde (5).
IR spectroscopy for all these compounds showed stretches at 2990 cm"^  (3), 3036 cm' 
* (4) and 3062 cm"' (5) and these are all chai’acteristics of Caf-H from the aromatics. 
Stretches at 1691 cm'* (3), 1694 cm'* (4) and 1701 cm * (5) are assigned to the 
carbonyl group (-CHO) in each compound. A series of stretches are shown around 
1420 -  1350 cm'* and 1190 -  1150 cm'* and these are often a characteristic of 
aromatic sulphonyl groups (R-SO2-OR’). Each of the molecules in this family differ 
in the substitution pattern of the aromatic aldehyde molecule. A stretch is shown at 
1485 cm'*; this may be attributed to 1,2-disubstitution of the aromatic aldehyde from
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3. Both 4 and 5 show independent stretches at 1490 cm"^  and 1520 cm“* respectively, 
this can be attributed to 1,3 and 1,4-disubstitution patterns.
Mass spectrometry using FAB ionisation for all tluee compounds gave a molecular 
peak at 277 [M + H^] which can be assigned to the parent with limited 
fragmentation.
The NMR assigmnent for 3 is illustrated in table 3.31. Both HMQC and COSY 
experiments were performed on both these molecules to clarify proton-carbon 
interactions as well as proton-proton coupling as well as a 135-DEPT experiment, 
this is show in figure 3.42. The NMR assignments for each compound within this 
family agree with literature values."^ "^
Multiplicity (^H) 13c Assignment
9.98 Singlet 187.14 1
- - 150.93 2
7.80 Doublet 128.42 3
7.33 Triplet 135.18 4
7.51 Triplet 127.39 5
7.09 Doublet 123.45 6
- - 146.21 7
- - 131.02 8
7.64 Doublet 128.25 9
7.28 Doublet 129.96 10
- - 129.08 11
2.38 Singlet 21.52 12
s=o
Table 3.31 -  The NMR peak assignments for 2-tosyIoxybenzaIdhyde (3) using CDCI3 as solvent.
The ‘H multiplicity for 3, 4 and 5 differ in regards of the aromatic ring in which the 
aldehyde is attached. The toluene sulphonyl aromatic ring shows perfect doublets 
with coupling constants in the range of 8.0 -  8 .6Hz for each compound.
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3.5.3 Synthesis of 3,6-Diaminoacridine
Currently 3,6-diaminoacridine (6) as shown in figure 3.32, is made on an industrial 
scale by the condensation of 1,3-phenylenediamine and formic acid.
N
Figure 3.32 -  The structure of 3,6-diaminoacridine.
Scheme 3.33 shows the reaction outline for this reaction. Although it is good 
procedure to dry all reagents before use, it was considered that as the 1,3- 
phenylenediamine was to undergo a condensation reaction, purification of reagents 
was not necessary.
Formic Acid 
Hydrochloric Acid 
Glycerol
H^N NHj Heat
Scheme 3.33 -  The synthesis of 3,6-diaminoacridine.
The reaction characteristically yields a small amount of 3,6-diaminoacridine (10%). 
Column chromatography with ethyl acetate as eluent yields a pure compound. As 
the acridines fluoresce under UV light the compound can be traced through all stages 
of the purification, i.e. Thin Layer Chromatography (TLC) analysis and column 
chromatography.
Structural Analysis
IR analysis showed an interesting stretch at 1604 cm'^ which could in theory be 
attributed to two possible functional groups within this molecule. This stretch could 
either be the sign of an aromatic amine or a conjugated cyclic C=N; it is important to 
note that another amine stretch at 3346 cm’’ was also recorded. A broad stretch is 
also shown around 1650 -  1500 cm"' which is often a sign of a conjugated aromatic 
C=N. The broadness of the pealc indicates the possibility of overlapping from both 
amine and aromatic cyano group. There are also several stretches around the 1500 -  
1400 cm"' region which are characteristic of CArH from the aromatics.
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Mass spectrometry using FAB ionisation gave a molecular peak at 210 [M + 
which can be assigned to the parent ion. El was also used on this molecule to see if 
fragmentation would occur do to the severity of this type of ionisation.
The NMR assigmnent for this compound is illustrated in table 3.34 and agrees with 
the literature."^^ dô-DMSO was used as solvent due to solubility issues. A broad 
signal at 5.85 ppm showed the two amino groups with the correct integration.
Multiplicity ( H) 13^ Assignment
5.85 Singlet - NEb
- - 150.27 3 and 6
6.81 Singlet 103.02 4 and 5
6.91 Doublet 117.74 2 and 7
7.68 Doublet 129.24 1 and 8
- - 118.31 10
- - 151.11 11
8.36 Singlet 134.44 9
Symmetrical
■NH.
Table 3.34 -  The NMR peak assignments for 3,6-diaminoacridine.
Although fragmentation occurred the parent ion was still seen.
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3.5.4 Synthesis of 4-Nitrophenyl-l,3-dioxane
The structure of 4-nitrophenyl-l,3-dioxane (7) is shown in figure 3.35. This 
compound was the first in a possible multistage synthesis designed to make the 
aminophenyl porphyrins.
Figure 3.35 -  The structure of 4-uitropheny 1-1,3-dioxane.
Schiff Base Reactions
It is well documented that primaiy, secondary and tertiary amines can add to both 
aldehydes and ketones through a form of condensation reaction loiow as a Schiff 
Base, Aldehydes such as 4-aminobenzaldehyde undergo this type of reaction 
extremely fast to yield a polymer as shown in scheme 3.36.
Scheme 3.36 -  Illustration of the formation of a polymer through a Schiff base reaction.
Ketones on the other hand, react more slowly. This is because the equilibrium must 
be shifted; this is achieved by the loss of water through processes such as azeotropic 
distillation or the addition of molecular sieves. For this reason often heating and 
longer reaction times are required. The most famous reaction of this type is the 
Friedlander Quinoline Synthesis and this can be seen in scheme 3.37.
-H ,0
NH, O NH OH
R
Scheme 3.37 -  The Friedlander Quinoline synthesis.
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It is recorded that 5,10,15,20-tetrakis-(4-nitrophenyl)-27/^2ii:r-porphine (30P) is 
synthetically impossible to make using the Adler-Longo approach. This is due to 
decomposition of the 4-nitrobenzaldehyde in both propionic acid and acetic acid. 
The nitro functionality is important as reduction using tin(ll) chloride dihydrate in 
9M hydrochloric acid yields the amino functionality. It has however been recorded 
that the nitro functionality can be made using microwave enhanced synthesis.*^^
A new synthetic route was considered in order to make the aforementioned 30P; this 
is shown in scheme 3.38. Problems during the reduction of the nitro group to the 
amino functionality were encountered (step 2). As cyclic acetals cleave in acidic 
conditions, palladium over charcoal was considered. Nitro groups characteristically 
show a yellow colour and this was seen throughout the whole reaction. TLC was 
used to monitor the reaction, however this technique did not show any additional 
spots. An NMR spectrum was taken to see if the appearance of the amino 
functionality could be seen, unfortunately the amino functionality was not observed 
and this synthetic methodology was abandoned.
NO,
Ethylene Glycol
TsOH / Heat 
Dean-Stai'k
Pd/C, H,
THF
4-Toluene sulfonyl 
chloride ►
Pyridine
NH,
.NH
CH,
° " s 4 "HCI (aq) f  Porphyrin Synthesis j  KOH
Eton / DMF
Amino-porphyrin
Scheme 3.38 -  An alternative synthetic approach to generate the amino porphyrin.
Scheme 3.39 shows the mechanism through which a cyclic acetal is formed.
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H O . , o H O . , 0
OH
Hemiacetal
Intermediate
H
NO, CK 3 NO,
NO,
Oxonium Ion
Scheme 3.39 -  The mechanism through which a cyclic acetal is formed.
4-Nitrophenyi-l,3-dioxane
Structural Analysis
IR analysis shows two sharp stretches at 1612 and 1524 cm'^; these may be attributed 
C-NO2. There are also a number of stretches around the 1500 -  1400 cm"* and 1000 
-  900 cm"' regions, indicating a Caf-H. A stretch is also shown around 800 -  750 
cm * indicating a possible alkyl system.
Mass spectrometry using El ionisation shows the parent ion at 196 [M + with no 
fragmentation.
The NMR assignment for 7 is illustrated in table 3.40 using CDCI3 as solvent. A 
135-DEPT experiment was used to confirm the CH2 peaks within this molecule. The 
NMR assignments for this compound agreed with literature values."*^
*H Multiplicity (*H) l ie Assignment
4 .06-4 .13 Multiplet 65.48 1
5.89 Singlet 102.25 2
- - 111.07 3
7.65 Doublet 123.59 4
8.24 Doublet 127.42 5
- - 118.18 6
Table 3.40 -  The NMR peak assignments for 4-nitrophenyl-l,3-dioxane.
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3.6 Synthesis of Porphyrin Macrocycles -  Results and Discussion
The synthesis of a meso-substituted porphyrin is straightforward in comparison with 
its purification, which requires column chiomatography. The formation of H2TPP is 
unavoidable if the Adler-Longo approach is applied to a system when benzaldehyde 
is one the aldehydes.
As the Adler-Longo method is the simplest for the preparation of porphyrins, it has 
been this approach that has been employed to form the majority of the porphyrins 
within this thesis. As mentioned before, mixtures of porphyrins (each in low yield) 
will be formed when trying to prepare porphyrins with different aldehydes and these 
are shown in scheme 3.41.
N H
A
H N
A
A
A jB -p o r p liy r in rr a n s-A jB j-p o r p liy r in
A
B
m -A jB ^ -p o r p h y i'in
B
A
A B -p o r p h y r in
B
B
B ^ -p orp liyrin
Figure 3.41 -  The six porphyrins formed when two different aldehydes are used.
3.6.1 Purification of Porphyrins
Column chromatography is usually the only way to purify synthesised porphyrins. 
However, some porphyrins of the A4 variety can be precipitated directly from the 
reaction mixture and cleaned using either methanol or chloroform depending on the 
functionality of the ligands attached to the porphyrin macrocycle.
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Separation of the trans-A i^i and CÎS-A2B2 porphyrins is problematic but can be 
accomplished using column chromatography and a mixture of various polar/non­
polar sol vents.
Drying the purified porphyrins under a heated vacuum system removed most of the 
solvents which can get trapped in the cavity of the macrocycle. As the iron 
porphyrins will be used as catalysts it is important that their purity is high.
3.6.2 NMR Experiments to Aid Porphyrin Identification
There are a number of different NMR experiments that can be performed to analyse 
the structure of a particular porphyrin. The 'H NMR spectrum shows the protons in 
a compound and the spectral patterns make it easy to decide if the porphyrin has an 
A4, t r a n s / c i s - B3A or a B4 structure. The NMR experiment shows the 
number of carbons in a particular molecule, however some of the carbon atoms for 
the pyrrole sub-unit of the porphyrin are not observed which is perplexing. Some of 
the NMR peaks are due to quaternaries and thus a longer relaxation time and/or a 
very concentrated sample is required for them to been seen. HMQC shows a grid 
with ^H (ppm) running along the abscissa (x-axis) and (ppm) along the ordinate 
(y-axis); this allows assignment of the protons and the carbon atoms to which they 
are attached. It also allows easier interpretation of the spectra. Quaternaries do 
not have any protons attached and thus their analysis using the HMQC experiment is 
not feasible. However, quaternary carbons will also not be shown in a DEPT 
experiment which may be used to identify CH, CH2 and CH3 protons and this can 
also be used to identify which peaks in the original ^^ C spectrum are quaternaries. 
Figure 3.42 shows a DEPT spectrum using 4-tosyloxybenzaldehyde as an example. 
The final experiment used to confirm the structural identity o f the porphyrins is a 
COSY experiment, where the signals are shown on a grid with 'H running along the 
abscissa (x-axis) and *H along the ordinate (y-axis); this enables the assignment of 
proton-proton coupling. It has been observed that sometimes the carbon atoms from 
the pyrrole carbons on the porphyrins are not seen even though the ^H and COSY 
spectra confirm their presence.
Some ^//-substituted porphyrins could not be separated and are used as mixtures for both catalysis 
and degradation studies.
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Analysis of Porphyrins using NMR Spectroscopy
Porphyrins show very distinct peaks when observed using a ‘H NMR experiment.
The inner pyrrole proton (N-H) signals for all porphyrins are situated at the high field 
region (around -2.0 ppm to -3.5 ppm) due to shielding and extensive ring current 
effects.
The pyrrole protons show characteristic peaks around 8.5 ppm to 9.0 ppm. The 
pyrrole protons allow the trans-A2B 2 and CW-A2B2 isomers to be identified due to 
peak splitting but this is discussed in more detail presently.
Substituents such as amines, nitro groups etc., which are attached to the para 
position of the meso-^h.Q\\y\ ring give spectra which show perfect doublets which 
correspond to the protons in the ortho and meta positions. However, if the porphyrin 
in question is H2TPP then there is multiplet shown in the region of 7.70 ppm ~ 7.80 
ppm. This is due to the protons from the meta and para position being non- 
distinguishable, (see figure 3.43), the symmetry of the porphyrin is indicated by the 
dotted red lines. Integration also becomes invaluable as it shows the number of 
protons which are associated with a certain peak. Combining this with the COSY 
experiment characterising the porphyrins becomes less problematic.
A D2O shake experiment can be performed on porphyrins with alcohol, amine, and 
carboxylic acid functional groups. This will aid their identification due to the 
reduction or disappearance of the aforementioned functional groups by exchange. 
Substituents that are attached to the ortho and meta position of the meso-phQny\ ring 
(e.g. 37? and 38?) do not show perfect splitting patterns. For these, the integration 
of the proton peaks becomes essential along with 2D spectroscopy which allows *H -  
‘H coupling to be observed.
Table 3.44 shows the NMR peak assignments for the symmetrical porphyrin
5,10,15,20-tetrakis-(4-methoxyphenyl)-2777,2377-porphine (25?). The assignments 
were confirmed using a mixture of techniques which include COSY, DEPT and 
HMQC NMR.
Due to its symmetrical nature, only 5 sets of protons are shown in the 'H NMR 
spectra. Note the *^ C peaks can be seen for all but one carbon atom, this is not 
unusual, due to possible concentration issues or short relaxation times, the quaternary 
carbons may not always be shown.
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‘H Multiplicity (*H) 13c Assignment
-2.74 Singlet - NH
4.09 Singlet 55.59 1
- - 135.60 2
8.11-8.13 Doublet 134.67 3
7.27 -  7.29 Doublet 112.20 4
- - 119.74 5
- - * 6
- - 154.40 7
8.85 Singlet 159.40 8
quaternary -  could not be seen
CHj
Nil CH.
HN
Line Indicating  Sym m etry
Table 3.44 - NMR peak assignments for 25P.
Pyrrolic Peak Splitting -  Electron Donating vs Electron Withdrawing Moieties
As shown in figure 3.45 the pyrrolic splittings can be seen clearly using two different 
electronic groups. 5-(4-Aminophenyl)"10,15,20-triphenyl2///,2i//-poiphine (31P) 
shows no second splitting of the pyrrole protons which in theory should be seen, 
indeed the pyrrole protons are bunched together causing an integration of 2:6 
respectively as shown in figure 3.45(A). This however was not seen when looking at 
5-(4-nitrophenyl)-10,15,20-ti-iphenyl27//,25/f-porphine (26P), a proton splitting of 
2:4:2 respectively is seen and this is shown in figure 3.45(B). This has been attributed 
to the electron-withdrawing nature of the nitro-group pulling the pyrrole protons apart. 
This is also witnessed for the bis-substituted nitro-porphyrins and the bis-substituted 
amino-pophyrins. However, it is important to note that due to the cis and trans 
isomers not being able to be separated for both bis-substituted porphyrins a mixture of 
split pyrrole pealcs is shown for both nitro compounds. It is interesting to note that the 
electron-donating substituent spilt the 2 pyrrole protons low field; however the 
electron-withdrawing substituents not only spilt the pyrrole proton, but also they are 
position higher field, this can also be seen on figure 3.45 A and B.
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A
i I _/li M.
<»M K.4 B.K K.7 K» « S  R.4 M_> «U2 ».l ».» 7.1 7.» 7.7 7.6 7 3  7.4 7J» 7.2
Figure 3.45 -  *H NMR spectrum focusing on the aromatic region of 5-(4-amino)-10,15,20- 
triphenyI-2/fl^2iff-porphyrin (A) and 5-(4-nitro)-10,15,20-triphenyl-2/^,2J/f-porphyrin (B).
Identification of CW-A2B2 and trans- I s o m e r s  using NMR Spectroscopy
The signals for the phenyl protons in the tetra-substituted mg^o-porphyrins are easily 
assigned by considering their intensities and the distance of the aromatic pyrrole on 
the porphyrin ring, which offers de-shielding effects/^ For bis-substituted 
porphyrins, the 'H NMR spectral patterns of the pyrrole protons readily distinguish 
cis and trans isomers. This ignores the A-pyrrole protons which cannot be 
distinguished due to their rapid tautomer interconversions at room temperature in 
organic solvents.^’
The theoretical pyrrole peak coupling patterns for CW-A2B2 and trans-AiBi are 
shown in figure 3.46.
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B
HN
B
B
HN
A
Figure 3.46 -  H pyrrolic proton separations for both cis-AjBa and trans-Az^i isomers.
3.6.3 Mass Spectrometry
The method of mass spectrometry chosen to determine the molecular weight of the 
porphyrins was FAB. This is one of the softest ionisation methods which can be 
used and thus it gives the ability of seeing the parent ion of the porphyrin. This is 
something which would be problematic if El or Cl was used due to fragmentation of 
the molecule. All parent ions were seen with maximum relative abundance unless 
stated. A peak at 307 was always seen when using FAB, this peak is assigned to the 
dimer of 3-nitrobenzyl alcohol used to make the sample matrix.
3.6.4 Infra-Red Analysis
Each ftmctional group within a molecule shows certain stretching patterns at a 
particular wavelength. Attenuated total reflection (ATR) was used to enhance the 
spectra obtained for each porphyrin as well as the iron porphyrins. It is important to 
note that each family of porphyrins showed the same stretching patterns. Although 
this method does not help quantify the ftmctional groups present i.e. place a 
numerical value on the amount of ftmctional groups present within a molecule, like 
NMR or mass spectrometry, it does allow us to distinguish if a particular group has 
been formed or has disappeared after a reaction has taken place. An example of this
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would be the disappearance of an aldehyde group around 1700 cm‘* after porphyrin 
synthesis has taken place when using the Alder-Longo approach. The stretching 
frequencies change slightly for each porphyrin but the level of change is 
insignificant.
3.6.5 Elemental Analysis
Elemental analysis allows us to view the percentage composition of carbon, 
hydrogen and nitrogen witliin a molecule. It is generally accepted that anything 
within 0.25% of absolute purity is the correct compound. Between 0.25% - 0.5% 
indicates some impurities present within the molecule. Anything outside these 
values and it is said that there is a problem with the formula of the proposed 
molecule. Porphyrin molecules can undergo hydration, consequently there is a 
possibility of hydrogen bonding between associated water molecules and the pyrrole 
N or NH. Other solvent molecules can also be trapped within the cavity of the 
poiphyrin macrocycle, for this reason the porphyrins must be dried under vacuum at 
a temperature above 140°C to ensure total dryness.
3.6.6 Melting Point
Melting point analysis was attempted but it was found that the standard laboratory 
melting point instrument was only able to attain a temperature of 280°C. As 
porphyrin and iron porphyrins are well known to decompose above 300°C, it was 
decided to concentrate on other forms of characterisation.
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3.7 Porphyrin Synthesis
A discussion of all the synthesised porphyiins is given below. It is important to note 
that from this point forward all porphyrins will be named with their code numbers.
3.7.1 The Synthesis of H2TPP
This porphyrin being the we^'o-substituted (Ph) shows very little electron 
donating/withdrawing ability and hence can be used as a control when investigating 
the activity of the other functionalised metalloporphyrin catalysts. The structure of 
this porphyrin is shown in figure 3.47.
■NH N ^
HN
Figure 3.47 -  The structure of H2TPP,
The synthesis was achieved by a cyclocondensation reaction between pyiTole and 
benzaldehyde in boiling propionic acid as shown in scheme 3.48.
O
Propionic Acid / Heat
O H
NH N ^
Scheme 3.48 -  The reaction between pyrrole and benzaldehyde to form H2TPP.
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This was followed by cooling for 12 hours and stirring in absolute alcohol for 
another 12 hours. Isolation of the porphyrin from the reaction mixture was achieved 
by filtration, followed by washing with boiling methanol. A yield of 19.2% of the 
porphyrin was generated.
Structural Analysis
IR analysis revealed a stretch at 1558 cm'* which indicates the presence of the 
pyrrole N-H. There are also a number of stretches around the 900 -  800 cm'* region 
which are characteristic of CArH.
Mass Spectrometry using FAB ionisation showed a parent ion at 614 with little 
fragmentation. The *H NMR spectrum of this porphyrin is shown in figure 3.43.
The inner proton (N-H) signals were situated in the high field (-2.77 ppm) region due 
to shielding and extensive ring current interactions. The other protons appeared in 
the low field region at 7.72 and 8.84 ppm. The resonance of the pyrrole y^-hydrogens 
appeared at 8.84 ppm.
The NMR experiments, elemental analysis and mass spectrometry data all support 
the formation of HiTPP as a homogeneous material.
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3.7.2 The Synthesis of the Tosyloxyphenyl Porphyrins
This section covers all the porphyrins synthesised bearing tosyloxyphenyl meso 
substituents and these can be seen along with their code numbers in figure 3.49.
R = Q p
3-TosPh
R‘ R: R3 R“
IP Ph-OTs Ph-H Ph-H Ph-H
2P Ph-OTs Ph-H Ph-OTs Ph-H
3P Ph-OTs Ph-OTs Ph-H Ph-H
4P Ph-OTs Ph-OTs Ph-OTs Ph-H
v\ 5P Ph-OTs Ph-OTs Ph-OTs Ph-OTsNH N ^
y
%
'N HN R = —
o
r3 4-TosPh
6 P Ph-OTs Ph-H Ph-H Ph-H
7P Ph-OTs Ph-H Ph-OTs Ph-H
8 P Ph-OTs Ph-OTs Ph-H Ph-H
9P Ph-OTs Ph-OTs Ph-OTs Ph-H
lOP Ph-OTs Ph-OTs Ph-OTs Ph-OTs
Figure 3.49 -  The tosyloxyphenyl family of porphyrins with code numbers.
The synthesis of the both 3- and 4-tosyloxyphenyl protected porphyrins has been 
achieved by a cyclocondensation reaction between pyrrole, benzaldehyde and 3- or 
4-tosyloxybenzaldehyde in boiling propionic acid as shown in scheme 3.50.
Propionic Acid / Heat
Scheme 3.50 -  The reaction outline for the synthesis of the tosyl functionalised porphyrins.
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These porphyrins are isolated from the reaction mixture through filtration, followed 
by further purification by either column chromatography or washing with boiling 
methanol. The moderate yields produced from this reaction are a characteristic of 
the Adler-Longo method. The stoichiometric ratios used are directly related to the 
amounts of the porphyrin produced; an example would be if 1 mole of benzaldehyde, 
3 moles of 4-tosyloxybenzaldehyde and 4 moles of pyrrole are used then the 5,10,15- 
tris-(4-tosyloxyphenyl)-20-phenyl-27//,237/-porphine (9P) will be produced in the 
highest yield. The slightly electron withdrawing nature of these porphyrins means 
they can be used as a comparison to the electron donating porphyrins when looking 
at their catalytic ability.
Structural Analysis
IR analysis shows a characteristic stretch from the methyl group of the toluene 
sulfonyl group seen around 2900 cm'^ and 1370 cm"^ Stretches are also observed 
around 1580 -  1480 cm'^ indicating a pyrrole N-H and stretches around 1420 -  1350 
cm"' and 1190 -  1150 cm"' indicate the presence of a sulphonyl group (R-SO2-OR’). 
Also sti'ong stretches around 900 -  800 cm"' indicate the presence of CArH from the 
aromatic systems.
The use of mass spectroscopy shows each porphyrin having the correct mass. To 
ensure limited fragmentation FAB ionisation was used.
NMR spectroscopy shows three sets of notable peaks for the tosyloxyphenyl family 
of porphyrins. The first pealc being the - C H 3  group(s) which can appear between 
2.30 ppm to 2.50 ppm as a singlet, depending on the position on the phenyl ring 
where the tosyloxyphenyl group occurs. The second peak corresponds to the internal 
pyrrole N-H protons which are present around -2.80 ppm to -3.05 ppm; these are also 
seen as singlets. The final peaks are shown in the form of two sets of doublets which 
come from the protons the aromatic toluene sulphonyl group. This evidence 
indicates that a porphyrin has been fonned and the toluene sulphonyl (tosyl) group 
remained in place after the reaction.
Figures 3.51 and 3.52 show how 5,10,15,20-tetralcis-(3-tosyloxyphenyl)-277/;2i/f- 
porphine (5P) was characterised using both 'H and COSY NMR experiments.
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Figure 3.51 -  The 'H spectrum of 5,10,15,20-tetrakis-(3-tosyIoxyphenyI)-2/^,23/f-porphine (5P) 
showing both high and low field regions of the spectrum.
The protons on the both schematic molecules are highlighted and the multi coloured 
arrows used in the COSY spectrum allows each of the proton interactions which are 
indicated by the linking of contours to be identified.
An interesting observation was made in regards to the proton in the ortho position of 
the aromatic ring (highlighted blue). This peak should be seen as a singlet, however 
due to crowding between 7.81 ppm - 7.72 ppm this is hard to distinguish. Looking at 
the COSY NMR, a bulky contour can be seen in the same position as the proton in 
the S"’ position of the aromatic ring (yellow). An integration of eight is shown which 
according to the geometry of the molecule confirms its presence in this region.
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3.7.3 Synthesis of the Hydroxyphenyl Porphyrins
This section covers all the porphyrins with the hydroxyphenyl meso substituents and 
these can be seen with their code numbers in figure 3.53. These have been prepared 
through deprotection of the tosyloxyphenyl porphyrins.
R = ^ O H
3-PhOH
NH
R> R2 R3 R'*
IIP Ph-OH Ph-H Ph-H Ph-H
12F Ph-OH Ph-H Ph-OH Ph-H
13? Ph-OH Ph-OH Ph-H Ph-H
14? Ph-OH Ph-OH Ph-OH Ph-H
15? Ph-OH Ph-OH Ph-OH Ph-OH
R =
r2
OH
4-PhOH
R1 R2 R3 R4
16? Ph-OH Ph-H Ph-H Ph-H
17? Ph-OH Ph-H Ph-OH Ph-H
18? Ph-OH Ph-OH Ph-H Ph-H
19? Ph-OH Ph-OH Ph-OH Ph-H
20? Ph-OH Ph-OH Ph-OH Ph-OH
of porphyrins with code numbers.
These porphyrins are of interest as the hydroxyphenyl functionality can be used for 
further attachment to sol gels, spacer groups or amino acids. Also they have a 
slightly electron donating nature which is useful when compaidng their catalytic 
ability to other porphyrins with varied electronic properties.
Deprotection of the Tosyl Functionality (IP -  lOP)
Deprotection of the tosyloxyphenyl functionalities has been successfully achieved 
using potassium hydroxide in a mixture of absolute alcohol and DMF as solvent. 
Attempts at deprotection using a variety of other methods have f a i l e d . S c h e m e  
3.54 shows the deprotection of 5-(4-tosyloxyphenyl)-10,15,20-triphenyl-27//,2i//- 
porphine (6P) to yield 5-(4-hydroxyphenyl)-10,15,20-triphenyl-2///,25//-porphine 
(16P). Deprotection yields approximately 50% of the hydroxyphenyl porphyrin as a 
purple solid.
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\//N=^
(i) K O H  /  D M F  /  A b so lu te  A lcoh o l /  R eflux
■OHN=^
Scheme 3.54 -  The deprotection of the tosyl protecting group.
Purification
TLC analysis shows the separation of these molecules cleanly using silica gel as the 
stationary phase and chloroform : acetone (14 : 1) as the eluent. The difference in 
separation between 6 P and 16P on TLC plate (A) can be seen in figure 3.55. This 
eluent was successfully used to separate all the hydroxyphenyl porphyrins, including 
the trans-A.2 ^ 2  5,15-bis-(4-hydroxyphenyl)-10,20-diphenyl-27//,2i//-porphine (17P) 
and d5-A2B2 5,10-bis-(4-hydroxyphenyl)-15,20-diphenyl-27//,2i//-porphine (18P) 
isomers also shown in figure 3.55 (B). However, it is important to note that the two 
isomers will only separate if the chromatography column is sufficiently wide to 
separate the two bands. It is well known that halogenated solvent turns silica 
translucent; hence separation of the porphyrins can be visually observed.
solvent front
6 P
16P
baseline
A
solvent front
17P
18P
baseline
B
Figure 3.55 — A diagram of 2 TLC plates showing (A) separation after deprotection reaction and 
(B) the separation of both frnw^-AzBz and cw-AzB^ isomers of the hydroxyphenyl porphyrin.
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NMR confirmation of the Deprotection Step
The removal of a protecting group can be followed using NMR spectroscopy. As 
shown in figure 3.56, (A) shows 16P, which is yielded upon cleavage of the tosyl 
group from 6P which is shown in (B). The OH group is circled blue; this indicates 
that the proton cannot be seen due to solvent exchange. The red circled methyl 
group indicates that the protons also cannot be seen as it is off the scale at 2.50 ppm. 
It should be noted that figure 3.56 shows a section between 7.0 ppm -  10.0 ppm and 
the solvent used in this NMR experiment was C D C I 3 ,  so a concise comparison could 
be seen.
NH
OH
HN
B NH
HN
Î Î Î
On removal o f the tosyl protecting group (B), these peaks are not seen and a 
new peak is established high field from the solvent (CDCI3 ) as shown in (A)
Figure 3.56 -  NMR confirmation of protecting group removal (A) 16P (B) 6P.
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These compounds are further cleaned by using a solvent in which they will not 
dissolve. As table 3.57 shows, this family of porphyrins become increasing soluble 
in methanol as the more hydroxy groups are attached.*** This is not a problem in 
some cases as boiling chloroform can be used as a purification solvent instead of 
column chromatography.
Solubility Studies (Dissolve?)
Compound Number of 
-O H  
groups
Chloroform Methanol DMSG Diethyl
Ether
(RT)
Diethyl
Ether
(Cold)
H2TPP 0 Yes No YES Yes Sparingly
11P /16P 1 Yes Sparingly YES Sparingly Sparingly
12P/17P 2 Sparingly YES YES Sparingly No
13P /18P 2 Sparingly YES YES Sparingly No
14P/19P 3 NO YES YES No No
15P /20P 4 NO YES YES' No No
Table 3.57 -  The solubility of the hydroxyphenyl porphyrins in four different of solvent. 
Structural Analysis
IR analysis reveals characteristic stretches from the hydroxyl group around 3300 
cm -\ A stretch around 1580 -  1480 cm"’ indicates a pyrrole N-H signal. Strong 
stretches around 900 -  800 cm"’ indicate the presence of Cat-H from an aromatic 
system. The stretches around 2900 cm"’ and 1370 cm"’ which is a characteristic of 
the methyl group and found in the toluene sulphonyl group are not seen along with 
stretches around 1420 -  1350 cm"’ and 1190 -  1150 cm"’ which indicate the presence 
of a sulphonyl group (R-SO2-OR’) is again not shown indicating a deprotection has 
occurred.
Figure 3.58 shows the mass spectrum obtained for the 17P using FAB ionisation. 
Each porphyrin within this family showed the correct mass when being analysed.
This was a visual measurement and not quantified using analytical techniques.
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Figure 3.58 
porphine.
The mass spectrum of 5,I5"bis-(4-hydroxyphenyl)-10,20-diphenyl-2//f,25//-
’H NMR spectroscopy for the hydroxyphenyl compounds (I IP  -  20P) was 
determined using d^-DMSO as a solvent for two reasons:
1. superb solubility in de-DMSO allows consistent comparisons to be made for 
each porphyrin which has an OH functionality and
2. dô-DMSO does not allow the OH groups to undergo exchange and thus these 
peaks are always seen around 10 ppm.
Figures 3.59 and 3.60 show the difference in peak patterns between 5-(3- 
hydroxyphenyl)-10,15,20-triphenyl-2/Ff,23//-porphine (IIP ) and 16P.
Note that the internal pyrrole protons which are heavily shielded are seen in the high 
field region around -2.80 ppm to -3.00 ppm and are thus not shown on the spectra.
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10.S 10.0 9.5 9.0 8.5 8.0 7.5 7.0 ppm
Figure 3.59 -  The ‘H NMR spectrum of 5-(3-hydroxyphenyl)-10,15,20-triphenyl-2///^5//- 
porphine.
f
\l
Figure 3.60 -  The ‘H NMR spectrum of 5-(4-hydroxyphenyI)-10,1540-triphenyl-2///,25//- 
porphine.
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3.7.4 Synthesis of the 4-Methoxyphenyl Porphyrins
This section covers all the porphyrins synthesised with methoxyphenyl meso 
substituents. The range which only has the methoxy substituents in the para position 
of the phenyl ring can be seen with their code numbers in figure 3.61.
CH3
4-PhOMe
Ri R2 R3 R-»
21P Ph-OMe Ph-H Ph-H Ph-H
22P Ph-OMe Ph-H Ph-OMe Ph-H
23P Ph-OMe Ph-OMe Ph-H Ph-H
24P Ph-OMe Ph-OMe Ph-OMe Ph-H
25P Ph-OMe Ph-OMe Ph-OMe Ph-OMe
Figure 3.61- The methoxyphenyl family of porphyrins with code numbers.
These porphyrins have been looked at with much interest, due the possible 
déméthylation of the -CH3 using boron tribromide to yield the hydroxyphenyl group. 
This step was attempted once, however due to the instability of the boron tribromide 
during the reaction and a limited amount of the demethylated compound produced, 
this route was not attempted again. Due to the electron donating ability of the 
methoxyphenyl group this family of porphyrins are interesting from a catalytic 
viewpoint.
The synthesis of all the 4-methoxyphenyl porphyrins has been achieved by a 
cyclocondensation reaction as shown in scheme 3.62 using the synthesis of 5-(4- 
methoxyphenyl)-10,15,20-triphenyl-2i//,23//-porphine (21P) as an example.
OMe
•NHPropionic Acid / Heat
OMe
Scheme 3.62 -  The synthesis of the 5-(4-methoxyphenyI)-10,15,20-triphenyl-2///,2i^f-porphine.
118
Chapter Three -  Results and Discussion (Synthesis)
Purification
Figure 3.63 visually illustrates the separation of methoxyphenyl porphyrins (21P -  
25P) from the reaction mixture on a TLC plate using toluene : hexane (8 : 2) as 
eluent on basic aluminium oxide as the stationary phase. However such a non-polar 
solvent system has led to these porphyrins solidifying on the column. Separation of 
the trans-h'2 ^ 2  and C/5-A2B2 isomers (22P and 23P) could not be achieved due to 
their close proximity on the chromatography column even though slight separation 
can be seen on a TLC plate.
solvent front
baseline
Basic Alumina 
Toluene (8)
Haxane (2)
Figure 3.63 -  The TLC of the methoxyphenyl porphyrins.
Structural Analysis
IR analysis revealed stretches are observed around 2900 cm** and 1340 cm'*, which 
are a characteristic of the methyl group which is present on the para position of the 
phenyl ring. A stretch around 1580 -  1480 cm * indicates a pyrrole N-H while strong 
stretches around 900 -  800 cm'* indicates the presence of Cat-H from an aromatic 
system.
Mass spectroscopy again using FAB ionisation showed each porphyrin within this 
family having the correct weight.
NMR showed the characteristic peaks for this family of porphyrins. As separation of 
both trans~h2 ^ 2  and C/5-A2B2 isomers could not be achieved, there are two broad 
peaks shown around 8.80 ppm to 8.90 ppm respectively. All the other peaks for 
these two isomers are essentially identical. Two main peaks for these porphyrins 
were observed, the first being the -OCH3 which appears around 4.10 ppm as a
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singlet and the second being the internal pyrrole N-H protons, which are present 
around -2.70 ppm to -2.80 ppm. The presence of these signals indicates that a 
porphyrin has been formed and the methoxy group remained in place after the 
reaction. Figure 3.64 shows the NMR spectrum of 21P. It is important to note that 
the pyrrole protons are only slightly separated (highlighted grey), which is not the 
case with the electron-donating 3 IP.
r-^21
•n h )
B
HN
Figure 3.64 -  The NMR spectrum of 5-(4-methoxyphenyl)-l0,15,20-triphenyl-2///,25#/- 
porphine.
The other porphyrins within this family each showed the expected structural 
identification.
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3.7.5 Synthesis of the 4-NitrophenyI Porphyrins
This section covers all the porphyrins synthesised with nitrophenyl meso 
substituents. The range which only has the nitro substituents in the para position of 
the phenyl ring can be seen with their code numbers in figure 3.65.
R =  — \ )— NO2
4-PhN02
NH
r2 R: R2 R3 R4
26P Ph-NOj Ph- H Ph-H Ph-H
27P Ph-NO  ^ Ph-H Ph-NO  ^ Ph-H
28P PI1-NO2 Ph-NOj Ph-H Ph-H
29P Ph-NOj Ph-NOj Ph-NO^ Ph-H
30P Ph-NO; Ph-NOj Ph-NOg Ph-NOj
Figure 3.65 - The 4-nitrophenyl family of porphyrins with code numbers.
These porphyrins are advantageous for two reasons:
1. their electron-withdrawing nature, and
2. reduction of the nitrophenyl groups to aminophenyl groups.
The syntheses of these porphyrins have been problematic. Cyclocondensations using 
a mixture of pyrrole, benzaldehyde and 4-nitrobenzaldehyde in refluxing organic 
acid (both acetic and propionic) have not yielded the desired porphyrin mixture.
Acetic Acid
Using acetic acid under reflux generates an orange compound. The structure of this 
compound could not be identified using NMR spectroscopy as its spectrum was very 
detailed and complicated. The inner pyrrole proton (N-H) signals which are 
normally situated at the highest field region around -2.70 ppm to -2.80 ppm could not 
be seen. Other peaks appeared from 1.0 ppm -  5.0 ppm respectively and these could 
not be identified. The low field aromatic region did not show any peaks which 
corresponded to porphyrin formation including pyrrole y5-hydrogens around 8.0 ppm 
-  9.0 ppm.
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Propionic Acid
The use of refluxing propionic acid as acid catalysis yielded no porphyrin compound 
according to TLC analysis. In fact the propionic acid synthesis led to the formation 
of a hal'd black polymer type coating which congealed around the side of the flasks. 
Analysis of the solid was not possible due to solubility issues. Formation of the 
porphyrin using the Lewis acid catalyst, boron trifluoride in chloroform was also 
unsuccessful.
Regiospecific Aryl Nitration of Me^o-Substituted Tetraarylporphyrins^^
Numerous synthetic routes have been suggested to nitrate a porphyrin. Methods 
include total synthesis via a crossed Rothemund approach, which uses the co­
condensation of pyrrole, benzaldehyde and nitrobenzaldehyde; this results in 
mediocre yields of the required nitro-porphyrins and purification of these compounds 
is tedious and time consuming. This methodology however has been used in the 
synthesis of 2- and 3-nitrophenylporphyrins.
Smith et has recorded a route to regioselective nitration of porphyrins. This 
route is not only quick but also gives minimum porphyrin degradation. This works 
on molar ratio of sodium nitrite to H2TPP in the presence of trifluoroacetic acid 
(TFA). Although this reaction is very quick and shows a limited amount of 
decomposition to the porphyrin, a large amount of TFA is required and this is 
expensive to purchase.
Ki'uper et al.^  ^ have also recorded the electrophilic nitration of the 4-phenyl groups 
using fuming nitric acid. Ki'uper obtained 26P in yields between 46-56% depending 
on the reaction time, molar ratio of porphyrin vs acid and strength of acid used; this 
proved that higher yields of 4-nitrophenylporphyrins can be obtained by direct 
nitration. This reaction can result in the formation of both cis and trans bis- 
nitrophenylporphyrins and tris-nitrophenylporphyrins over a prolonged period of 
time followed inevitably by decomposition of the porphyrin macrocycle. Meng et 
al. used a combination of niti'ic acid and acetic or sulfuric acids for the nitration of 
porphyrins in approximately 74% yield, but this was compromised by lengthy 
reaction times.
In view of the problems encountered when trying to yield this porphyrin using a 
cyclo-condenstaion reaction, the Kruper approach was employed to prepare the
122
Chapter Three -  Results and Discussion (Synthesis)
nitrophenyl porphyrins thi'ough regiospecific aryl nitration of the simple H2TPP as 
shown in scheme 3.66.
•NH N ^ F u m in g  HNO3
Chloroform N O ,
Scheme 3.66 -  Regiospecific aryl nitration of H2TPP.
Kruper documented that when chloroform or DCM solutions of H2TPP are treated 
with excess fuming nitric acid, selective and stepwise nitration of the aryl group in its 
para position of the phenyl ring was found to occur, giving 26P in high yield.
In table 3.67, the exact equivalents of fuming nitric acid for various nitrations of 
H2TPP are shown.^^
Porphyrin Solvent
Equivalent 
amounts of 
fuming 
nitric 
acid^ ^^
% Yield
Mono
(26P)
Bis 
(27 & 28P)
Tris
(29P)
H 2 T P P C H C I 3 17r 55 5 0
H 2 T P P C H C I 3 20r 56 7 -
H 2 T P P C H C I 3 20r 46 - -
H 2 TPP CHCls 19y 54 - -
H 2 T P P C H C I 3 29r 0 28 7
H 2 T P P C H C I 3 35r 0 2 2
H 2 T P P HOAc 291y - 10
Table 3.67 -  Yields and position of the direct nitration of H2TPP.
ftt r = red fuming nitric acid and y = yellow fuming nitric acid.
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As shown in italics from table 3.67, 19 equivalents of fuming yellow nitric acid were 
used to obtain 26P. However, it was noted that nitration in both bis-postions yielded 
5,15-bis-(4-nitrophenyl)-10,20-diphenyl-27//,25/7-porphine (27P) and 5,10-bis-(4- 
nitrophenyl)“15,2O-diphenyl-277/,2i7/-porphine (28P) along with the nitration of the 
tri-position giving 5,10,15-tris-(4-nitrophenyl)-20-phenyl-2777,2377“porphine (29P) 
in some cases^^^
Solubility problems were noted when increased nitro groups were substituted onto 
the phenyl ring of the porphyrin. Although 26P was prepared in high yield, the 
synthesis of 29P was very low yielding due to the aforementioned decomposition 
and solubility problems which are briefly noted above. Microwave synthesis has 
been used to prepare 5,10,15,20-tetrakis-(4-nitrophenyl)-2777,2377-porphine (30P) as 
a way of navigating around the aforementioned problems.
Structural Analysis
IR analysis revealed a stretch around 1580 -  1480 cm'^ which indicates a pyrrole N- 
H. Strong stretches around 900 -  800 cm'^ indicate the presence of CAr-H from an 
aromatic system. Other stretches around 1540 and 1340 cm"' suggest the presence of 
R-NO2 groups.
Mass spectrometry using FAB ionisation showed all the compounds within this 
family having the correct molecular weight.
NMR showed the characteristic peaks for this family of porphyrins. As separation of 
both trans-A2B 2 and cis-A2B2 isomers (27P and 28P) could not be achieved, there are 
multiple peaks shown around 8.80 ppm to 8.95 ppm. As there are no protons on the 
nitro group, these can not be observed in the NMR spectrum, however the splitting 
patterns were observed for the different substituted porphyrins. The solvent for the 
NMR experiment for 29P and 30P was ^f-TFA; this caused a problem as the pyrrole 
N"H protons were not shown but a green solution was observed with the splitting 
pattern being that of the tris and tetra-substituted porphyrin. Figure 3.68 shows the 
coupling of the protons in 26P using COSY spectroscopy.
tu  Yg,.y slight formation can be observed from TLC analysis.
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NO,
@
0
1 j'JT.
Figure 3.68 -  COSY NMR of 5-(4-nitrophenyl)-10,15^0-triphenyl-2/Af^5//-porphine.
It should be noted that 30P has now been prepared using microwave enhanced 
synthesis. This however was made on the last remaining days of the project and this 
porphyrin’s catalytic properties and degradation were not investigated.
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3.7.6 Synthesis of the 4-Aminophenyl Porphyrins
This section covers all the porphyrins synthesised with aminophenyl meso 
substituents. The range, which only has the amino substituents in the para position 
of the phenyl ring, can be seen with corresponding code numbers in figure 3.69.
r2
31P
32P
33P
34P
35P
R
Ri
Ph-NH;
Ph-NHj
Ph-NH2
Ph-NH^
Ph-NH.
4-PIÎNH2
R2
Ph-H
Ph-H
Ph-NHj
Ph-NH2
Ph-NH.
NH.
R3
Ph-H
Ph-NHj
Ph-H
Ph-NHg
Ph-NH.
R4
Ph-H
Ph-H
Ph-H
Ph-H
Ph-NH,
Figure 3.69 - The aminophenyl family of porphyrins with code numbers.
These porphyrins are of interest as the aminophenyl functionality can be used for 
further attachment to sol gels, spacer groups or amino acids. Also they have a strong 
electron donating nature that will be of use when comparing them to other iron 
porphyrins with varied electronic properties.
These porphyrins are formed by direct reduction of the nitrophenyl group in the 
presence of tin(II) chloride dihydrate and 12M hydrochloric acid as shown in scheme 
3.70.
■NH N==< SnCI, / HCI
NO.
■NH N ^
NH.
Scheme 3.70 -  Reduction of 5-(4-iiitrophenyl)-10,15,20-triphenyl-2//f,2J/f-porphineto yield 5- 
(4-aminopheiiyl)-10,15,20-triphenyl-2//f,23ifif-porphine.
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Structural Analysis
IR analysis showed a stretch around 1580 -  1480 cm"^  which indicates a pyrrole N- 
H. Strong stretches around 900 -  800 cm'* indicate the presence of CAr-H from an 
aromatic system. Other peaks at 3311 cm'* suggest the presence of R-NH2 groups. 
Figure 3.71 shows the mass spectrum 31P. Although FAB ionisation was used 
fragmentation is still seen, this was not seen on analysis of 17P which is shown in 
figure 3.58. The correct mass of each porphyrin within this family was observed.
1DQq
95 |
0OÏ
eal
ao|
75-Ë
70-=
65^
0  60-= 
CO■g 55-=2 = <  5 0 -O) =1g 40^
35I
3.4
35Î
2 0 -=
1.410^
5^
0-
f i l l  f l i p  L l i J i i  i i J i i
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350 400 450 500 550 6Cmte
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Figure 3.71 -  Mass spectroscopy of 5-(4-aminophenyl)-10,15,20-triphenyl-2//f,25//-porphine.
Figure 3.72 shows the NMR spectrum for 31P. The aromatic protons can been seen 
(small box insert), as well as the protons for the NH2 group which can be observed at 
3.98 ppm and the protons on the internal pyrroles can be seen at -2.69 ppm.
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Figure 3.72 -  'H NMR spectrum of 5-(4-aminophenyl)-10,15,20-triphenyI-27ff^i/f-porphine.
Not all members of the aminophenyl family could initially be prepared due to the 
aforementioned problems encountered when synthesising the nitrophenyl porphyrins. 
It is now possible to prepare all the porphyrins within this family including the
5,10,15,20-tetrakis(4-aminophenyl)-21H,23H-porphine (35P) using the above 
reduction of 30P. This however was not achieved due to time restriction.
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3.7.7 Synthesis of 5,10,15,20-Tetralds-(4-chIorophenyI)-2iÆr,2JÆ'-porphme
The 5,10,15,20-tetrakis-(4-chlorophenyl)-2//f,25//-porphine (36P) as shown in 
figure 3.73, is extremely electron withdrawing and can be used as a comparison 
against electron donating porphyrins.
NH N ^
Cl
Cl
Cl
Figure 3.73 -  The structure of 5,10,15,20-tetralds-(4-ehloropheny[)-2/ff,25/f-porphine.
The synthesis of a mixture of 4-chlorophenyl porphyrins was attempted using a 
cyclocondensation reaction between pyrrole, benzaldehyde and 4-
chlorobenzaldehyde in boiling propionic acid as shown in scheme 3.74.
O Propionic Acid / Heat
O H O H
NH
Cl
Scheme 3.74 -  The attempted synthesis of 5-(4-chloropheiiyl)-10,15,20-triphenyl-2///,25iy'- 
porphine.
This reaction yielded a large amount of purple solid which contained the different 
chlorophenyl porphyrins and this was seen using NMR analysis. However its
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separation using TLC (silica and alumina-aczJ/c, neutral and basic) using a variety 
of solvent blends could not be accomplished. For this reason only 36P was prepared. 
Although this family of porphyrins could not be prepared using a direct method, they 
can be made by treating the hydroxyphenyl porphyrins with either:
1. thionyl chloride with a catalytic amount of DMF or
2. oxalyl chloride in benzene or toluene.
Structural Analysis
IR analysis revealed a stretch around 1580 -  1480 cm'^ indicates a pyrrole N-FI. 
Strong stretches around 900 -  800 cm"' indicate the presence of CAr-H from an 
aromatic system. Other stretches around 700 - 500 cm"’ suggest the presence of R-Cl 
groups.
Mass spectrometry using FAB ionisation showed a peak at 752 (M); this had a 
relative abundance of 100%.
The ’H NMR spectrum support the formation of the 36P. Figure 3.75 shows the 
COSY spectrum of 36P. The proton-proton interactions can be seen clearly by the 
yellow and green arrows. This porphyrin shows two aromatic doublets due to the 
1,4-substitution pattern on the phenyl rings. The pyrrole protons show no coupling 
as indicated hy the purple arrows.
130
Chapter Three -  Results and Discussion (Synthesis)
1
0
K -
0  e
I  (H I
Figure 3.75 -  The COSY spectrum of 36P.
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3.7.8 Geometrically Interesting Porphyrins
As discussed in section 3.4.5, the porphyrins shown in figure 3.76 are important from 
a reactivity point of view. If the trans double bond of the cinnamyi ligand sits over 
the active site of the iron porphyrin it may be possible for internal epoxidation to 
occur; however this will obviously depend on each of the porphyrin’s structural 
arrangement i.e. attack from  an axial orientation.
NH N ^
r2 R
2-CinnPh
O
3-CinnPh
4-CinnPh
Figure 3.76 -  The three £'-einnamyloxyphenyI porphyrins which are substituted in the ortho  ^
meta and para positions on the phenyl ring.
Synthesis of the Cinnamyloxyphenyl Porphyrins
Two different routes can be used to prepare these porphyrins with ester linlcages and 
these are shown in schemes 3.77 and 3,78. The first of these routes (scheme 3.77) is 
based on the attachment of either 2-, 3- or 4-hydroxybenzaldehyde with £-cimiamic 
acid or E-cinnamyl chloride followed by the Adler-Longo method of porphyrin 
synthesis. A problem with this route is the formation of bis, tris and tetra 
functionalised porphyrins as these reactions are not selective. It should be pointed 
out that each one of the reactions were attempted. However it was the Adler-Longo 
method which was used to prepare these porphyrins due to the low yield of required 
porphyrin precursor required for this synthesis.
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H O ^ O
(i) (»)
(i) DCC /  Pyridine /  EtOAc
(ii) Pyrrole, Benzaldehyde, Propionic Acid
(iii) Et3N / DCM
Figure 3.77 -  Two different reactions to attach either a cinnamyi chloride or cinnamic acid to 4- 
hydroxybenzaldehyde, this is followed by the Adler-Longo synthesis to yield the required 
porphyrins.
The second route as shown in figure 3.78, shows the same reactions as previously 
shown in figure 3.77, however the attachment is directly to a porphyrin. This is 
either through an acylation reaction with the acid chloride in the presence of base or 
through a coupling reaction both are discussed below.
OH
>=N
DCC I  Pyridine
OH
Cl
O
OH
Scheme 3.78 -  Coupling of 16P to either E-cinnamic acid or E-cinnamoyl chloride.
The coupling reaction takes place in ethyl acetate and pyridine; the coupling agent 
for this reaction is dicyclohexylcarbodiimide (DCC) and 4-diniethylaminopyridine 
(DMAP) may be used as a catalyst if required. The stepwise mechanism for this 
reaction is shown in scheme 3,79 and uses 77-(tert-butoxycarbonyl)glycine as the 
carboxylic acid. Indeed, it is this reaction which is used for the attachment of N- 
(tert-butoxycarbonyl)glycine to 20P as discussed later in section 3.7.9.
As shown in scheme 3.79, the carbon between the two nitrogens in DCC is very 
electropositive so the carboxylate ion attacks this very quickly.
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Next the activating group is very electron withdrawing, the carbonyl carbon becomes 
highly electropositive, and has no negative charge. The porphyrin 16P reacts with 
the activated carboxylic acid and the elimination of a urea type molecule occurs.
CH. O
o
CH. 0
Nil
CHj O
_  h .c 'T 'o ' ^ NH ^  N^
o—
Scheme 3.79 -  The mechanism of amino acid coupling using DCC.
A second route is an acylation with the E-cinnamyl chloride in the presence of a base 
such as triethylamine. A Schotten-Baumami reaction is also another way to prepare 
the porphyrin esters; this requires a two phase system where the reaction occurs on 
the meniscus of the reaction solution. The two phases are often DCM and 2M NaOH 
although diethyl ether can be used instead of DCM.
Purification of these reaction mixtures is minimal due to the lack of side reaction 
which could occur. These reactions can be followed with relative ease using TLC 
analysis, an example of which is shown in figure 3.80 for the acylation of 16P with
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^-cinnamyi chloride. After 90 minutes, plate (A) shows that the product has formed, 
however 16P is still present on the TLC p l a t e . A f t e r  an increased molar amount of 
E-cinnamyl chloride has been added, the equilibrium of the reaction is pushed more 
towards the products and this can be seen in plate (B). Plate (B) shows that 16P is 
still present but its appearance under UV light is not as concentrated as at the start o f 
the reaction, however after a further another 90 minutes, plate (C) shows that all the 
starting porphyrin 16P has reacted and the final product 5-(4-cinnamyloxyphenyl)-
10,15,20-triphenyl-2i/f,25ii/-porphine (39P) can be seen. This porphyrin can be 
liberated by washing the reaction mixture with boiling methanol in which it will not 
dissolve.
- solvent front 
cinnamyi ’ chloride 
39P
solvent front
cinnamyichloride
39P
solvent front 
cinnamyi chloride 
39P
16P 16P
b ase lin ebaseline baseline
B C
Figure 3.80 -  The TLC plates showing if a reaction has occurred over a certain period of time. 
(A) after 90 minutes, (B) 90 minutes after an increase in molar excess of cinnamyi chloride is 
added to A and (C) possible reaction end point with the starting material used up.
General Structural Analysis
The IR analysis for this compound shows distinct stretching patterns which can be 
attributed to certain functional groups e.g. aromatic stretching C at-H , which can be 
seen in figure 3.81 indicated by the pink and blue coloured arrows. It should be 
noted that as many o f the functional group stretching patterns overlap, absolute 
confirmation of a particular group may not be obtained. An example of this is the 
/ra«5-isomer fiom the cinnamyi group which is usually assigned around 1485 - 1440 
cm'^; although this stretch is well documented, it overlaps with aromatic Caf-H 
peaks. Absolute proof of the /ra«5-geometry of the cinnamyi ligand can not be 
guaranteed using IR, due to the possibility that other groups may have stretches 
around 1485 - 1440 cm"\
§§§ 'pLC gives an indication of what has been formed and it’s difficult to quantify the amount of 
reactant or product subjectively.
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The ionisation used to analyse these porphyrins with mass spectrometry was FAB. 
This technique gave the parent ion of 760 [M + this had a relative abundance of 
100%.
NMR spectroscopy for 5-(2-cinnamyIoxyphenyl)-10,15,20-triphenyl-2i//,23//- 
porphine (37P), 5-(3-cinnamyioxyphenyl)-l 0,15,20-triphenyl-277^ 2J//-porphine
(38P) and 5-(4-cinnamyloxyphenyl)-10,15,20-triphenyl-277(;227/-porphine (39P) 
was determined using C D C I 3  as a solvent as a consistent comparison can be made for 
each porphyrin in terms of positional variations for the trans-dlksnQ. It also enables 
the difference in the splitting pattern for the /?-pyrrole protons to be seen.
It is interesting to note that the porphyrin with cinnamyloxyphenyl attachment in the 
ortho position shows a splitting pattern in which some of the aromatics fall between 
6.0 -  7.0 ppm. This is something which is not seen with the meta and para 
substituted porphyrins of this family and this has been attributed to the structural 
arrangement of this porphyrin due to the substitution being in the second position of 
the phenyl ring.
Each of these compounds also shows 2 doublets in the aromatic region with coupling 
constants of 16.0 Hz, this is proof of ^raMj-isomerism as this value can be anything 
between 13.0 -  18.0 Hz. The cw-isomer has coupling constants between 7.0 -  12.0 
Hz.
3.7.8.1 5-(2-Cinnamyloxyphenyl)-10,15,20-triphenyl-2iiT,23.^r-porphme (37P) 
Structural Analysis
IR analysis is shown in figure 3.81 and the stretching patterns for each functional 
group are highlighted using the coloured arrows on both the spectrum and the 
porphyrin diagram. The main groups which have been observed are the esters -  
yellow arrows (1700 cm"* and 1200 -  1000 cm’*), aromatic stretches Cm-H -  pink 
arrows (1500 -  1400 cm"*), 1,2-disubstitutions for an aromatic compound -  blue 
arrows (1485 -  1445 cm"' and 750 cm"*). The ^mm-alkene is shown by the orange 
arrows to fall within the aromatic stretching region. Also a stretch at 1576 cm"* is 
noted and this could be an indication of a pyrrole N-H. This graph focuses on the 
region between 2000 cm"* to 600 cm"*.
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■N HN
Ester 
Aromatic 
rrans-Isomer 
1,2-Disubstitution
Figure 3.81 -  The IR analysis of 5-(2-cinnamyloxyphenyl)-10,15,20-triphenyl-J7^,2J//- 
porphine.
The product showed peaks expected of both the phenyl and y9-pyrrole protons, but 
also peaks at 5.41 ppm and 6.48 ppm assigned to the cinnamyi alkene bond which 
both have the coupling constant of 16.0Hz which is the correct value for the protons 
attached to a trans-aXktnQ.
4.T.8.2 5-(3-Cinnamyloxyphenyl)-10,15,20-triphenyl-2iH,2i/r-porphine (38P) 
Structural Analysis
The IR analysis for 5-(3 -cinnamyloxyphenyl)-10,15,20-triphenyl-27 2 jff-porphine 
in figure 3.82, shows the stretching patterns for each functional group are highlighted 
using the coloured arrows on both the spectrum and the porphyrin diagram. The 
main groups which have been observed are the esters -  yellow arrows (1700 cm ' 
and 1200 -  1000 cm’*), aromatic stretches Cat-H -  pink arrows (1500 -  1400 cm * 
and 800 - 700 cm’*), 1,3-disubstitutions for an aromatic compound -  red arrows 
(1683 cm’*, 1487 cm’l and 930 -  850cm’*). The fraw5-alkene is shown by the orange 
arrows and fall within the aromatic stretching region. Also a stretch at 1576 cm * is 
noted and this could be an indication of a pyrrole N-H. This graph focuses between 
2000 cm’* to 600 cm’*.
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tttEsterAromatic
tra/fs-Isomer
1,3-Disubstitution
Figure 3.82 -  The IR analysis of 5-(3-cinnamyloxyphenyl)-10,15,20-triphenyI-27//,2i^- 
porphine.
The product showed peaks expected of both the phenyl and y9-pyrrole protons, but 
also peaks at 6.72 ppm and 7.96 ppm assigned to the cinnamyl alkene bond which 
both have the coupling constant of 16.0Hz which is the correct value for the protons 
attached to a /raw^-alkene. The cinnamyl peak at 7.96 ppm is very high but this has 
been confirmed using DEPT, COSY and HMQC experiments.
4.T.8.3 5-(4-Cinnamyloxyphenyi)-10,15,20-tripheny!-2iiT,2i/r-porphine (39?) 
Structural Analysis
The IR analysis as shown in figure 3.83 shows the stretching patterns for each 
ftmctional group are highlighted using the coloured arrows on both the spectrum and 
the porphyrin diagram. The main groups which have been observed are the esters -  
yellow arrows (1700 cm ' and 1200 -  1000 cm '), aromatic stretches Cat-H -  pink 
arrows (1500 -  1400 cm ' and 800 - 700 cm*'), 1,4-disubstitutions for an aromatic 
compound -  green arrows (1482 cm'l and 750cm*'). The fraw^-alkene as shown by 
the orange arrows fall within the aromatic strecthing region. Also a stretch at 1576 
cm*' is noted and this could be an indication of a pyrrole N-H. This graph focuses 
between 2000 cm*' to 600 cm*'
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Figure 3.83 -  The IR analysis o f 5-(4-cinnamyloxyphenyl)-10,15,20-tripheny 1-2777,23^- 
porphine.
The product showed peaks expected of both the phenyl and /9-pyrrole protons, but 
also peaks at 6.82 ppm and 8.05 ppm assigned to the cinnamyl alkene bond which 
both have the coupling constant of 16.0Hz which is the correct value for the protons 
attached to a /ra«5-alkene. The cinnamyl peak at 8.05 ppm is very high but this has 
been confirmed using 135-DEPT, COSY and HMQC experiments.
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3.7.9 The Docking Arm Theory
It is thought that a docking arm approach could be used to hold a substrate over the 
active site of the iron porphyrin catalyst, and this is shown in scheme 3.84 with the 
use of the amino acid glycine.
Substrate
COOH
Activated Iron Pophyrin
Oxidised Substrate 'Docking Arm'
•N = .
Host
•N = .
An electrostatic interaction may occur.
Host / Substrate 
Complex
Scheme 3.84 -  The docking arm theory using electrostatic attraction to bind substrates.
However, an obvious problem exists with this type of system. The ‘mono' linker 
arm could ‘jiggle or rotate' out of position, which in-tum would hinder the 
epoxidation of the alkene. The only way this would work is if two linker arms were 
present holding the substrate rigid over the metal centre. The formation of a ‘mono ' 
linker arm was attempted using IIP, 16? and 31? with Boc-glycine in the presence 
of DCC. These reactions were successful and high yielding. However, deprotection 
to the amino acid was difficult due to selective cleavage of an amide over an ester 
and thus this line of research was not taken any further.
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3.7.9.1 The Coupling of A^-(tert-ButoxycarbonyI)glycine to 5,10,15,20-Tetrakis- 
(4-hydroxyphenyI)-2i/T,2iiT-porphine
This section describes the coupling of #-(tert-butoxycarbonyI)glycine to 20P to yield
5,10,15,20-tetra(4-Ar-(tert-butoxycarbonyl)acetoxyphenyl)-21H, 25if-porphine (40P) 
as shown in scheme 3.85. This porphyrin was thought to be advantageous due to the 
four amine functional groups which would be yielded on deprotection of the f-butyl 
carbonyl group. This would allow increased solubility in an aqueous system.
OH
■NH
HO OH
NH
OH
0 . ^ 0
(i) Boc-Glyciiie / DCC / EtOAc HN
Scheme 3.85 -  The protection of 5,10,15,20-tetrakis-(hydroxyphenyl)-2/Ar,25ff-porphine to yield 
5,10,15,20-tetra(4-A^-(tert-butoxycarbonyl)acetoxyphenyl)-27//, 2J//-porphiiie.
The f-boc group, which can be seen in scheme 3.86, protects amines and phenols 
from electrophiles. As coupling reactions involve a condensation reaction between 
an amine or hydroxyl functionality with a carboxylic acid the f-boc group is used to 
prevent a possible polymerisation reaction occurring as shown in scheme 3.86 with 
the amino acid glycine.
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HO Por o
OH
DCC
s '!
+
HjN O
O — — Por
Scheme 3.86 -  The possible polymerisation of glycine using a coupling agent.
The protected amino acid is attached using a coupling reagent such as DCC; this is 
sometimes done in the presence of DMAP wliich is used as a catalyst.
This reaction worked extremely well yielding 95% of the Boc-glycine protected 
porphyrin.
Structural Analysis
The IR analysis showed stretching at 1751cm'* as well as numerous stretches around 
between 1200 and 1000 cm'*, all indicate the presence of an ester. A stretch around 
1570 -  1480 cm'* indicates a pyrrole N-H. Stretches around 2979 and 1475 cm * 
indicate alkyl groups which can be assigned to the t-Boc group. Strong stretches 
around 1200 cm'* and 1156 cm'* indicate the presence of an amide. Aromatic 
stretches Caî-H can be seen between 1500 — 1400 cm'* and 800 - 700 cm'*.
The molecular masses for these compounds were all detected as the parent ion with 
slight fragmentation. FAB ionisation was used and this compound had a weight of 
1147.
The formation of 40P is supported by numerous NMR experiments and the *H NMR 
spectrum is shown in figure 3.87 with the assignments shown.
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Figure 3.87- The NMR spectrum of 5,10,15,20-tetra(4-A-(tert-butoxycarbonyI)acetoxyphenyl)- 
21H, 23/f-porphine.
Deprotection of the /-Butyl Carbonyl Group
Deprotection as shown in scheme 3.88 was unsuccessful using both standard 
reagents for this procedure TFA and 3M hydrochloric acid in dioxane.
/-Hoc 3M HCl HjN OM O- Por
Scheme 3.88 -  The deprotection of the /-butyloxycarbononyl protecting group
These reagents were hoped to cleave just the amide bonds, however both methods 
resulted in the cleavage of the ester linkages to yield lOP. This was observed using 
both NMR spectroscopy and mass spectrometry. Figure 3.89 shows the positions of 
the amide bond (red arrow) and the ester bond (green arrow) using 5-(4-/-
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butoxycarbonylglycine-oxyphenyl)-10,15,20-triphenyl-2///, 25//-porphine as an
example.
y r  y r
O N —& \u V
Figure 3.89 -  The non-selective cleavage of the ester bond upon deprotection.
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3.8 Coordination of Iron into the Porphyrin Cavity
Each of the porphyrins prepared in this thesis has had metals inserted into the cavity 
of the porphyrin macrocycle. This involves refluxing the porphyrin for 5 hours in 
DMF with iron(II) chloride tetrahydrate as shown in figure 3.90.
■NH
HN'
Scheme 3.90 -  Metal insertion into the cavity of HaTPP.
In this type of reaction the central metal atom displaces the two inner pyrrole 
hydrogen atoms on the 21®‘ and 23''  ^ position of the porphyrin macrocycle. The 
cavity itself can be described as a symmetrical electrostatic field of four nitrogen 
atoms of which the coordinating metal may form four equivalent or almost 
equivalent coordinate donor-acceptor bonds. The interaction of group one and two 
metals allows the formation of labile ion complexes. However most 
metalloporphyrins are stable complexes due to the filling of vacant orbitals of the 
metal by the donor nitrogen atom, resulting in the formation of a stable covalent 
system. The metals involved in these types of complexes are transition metals.
Reaction Specifications
The reaction to prepare these complexes is straightforward and involves dissolving 
the porphyrin in DMF followed by the addition of a five molar ratio of iron(II) 
chloride tetrahydrate. The DMF used in this reaction does not need to be dry nor 
does the reaction require an inert atmosphere for metal binding to be successful. 
Working up the reaction involves pouring the reaction mixture into ethyl acetate and 
washing four times with 20% of brine solution. The high boiling point DMF will not 
dissolve in the ethyl acetate, instead due to its hydroscopic nature prefers to dissolve
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in the aqueous layer and the metalloporphyrin in the organic. Indeed a specific 
feature of metalloporphyrins is their insolubility in aqueous solution, unless the 
porphyrin in question has water soluble groups attached such as sulphonic acids.
Purification
A large quantity of metal was used to ensure insertion as column cliromatography on 
these complexes is time consuming and tedious. Due to the polar nature of the 
complexes large amounts of polar solvent blends are required to remove them fiom 
the column. The metalloporphyrin is then dried at a temperature of 160°C under 
vacuum to ensure all the solvent has been removed.
Analysis
As the iron porphyrins have a paramagnetic centre, NMR analysis can not be used to 
ensure a reaction had taken place. For this reason two other forms of analysis are 
going to be used:
■ Mass Spectrometry (FAB) -  This method allows the molecular weight of the 
parent compound to be observed without fragmentation occurring.
■ Elemental Analysis (CHN) -  Combustion analysis will confirm the percentage 
composition of carbon, hydrogen and nitrogen in the molecule and hence the 
purity.
Synthesised Iron Porphyrins Catalyst
Each of the porphyrins synthesised has had a metal inserted into its cavity unless 
otherwise stated. Both forms of analysis (as stated above) have been completed 
however, when analysing the mass spectroscopy data an interesting observation was 
made. The majority of the chlorine which is attached to metal centre was severed off 
during this form of analysis as shown by its relative abundance; this can be seen in 
figures 3.91 and 3.92.
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m * 0 3 0 8 0 5 a  # 3 - 9  RT:  0 . 1 4 - 0 . 3 9  AV; 7 N L : 1 . 1 3 E 6
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Figure 3.91 -  The mass spectrum of 5-(4-hydroxyphenyl)-10,15,20-triphenylporpine iron(III) 
chloride (16MP)
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Figure 3.92 - The mass spectrum of 5,10,15,20-tetrakis-(4-hydroxyphenyl)>porphine iron(III) 
chloride (20MP).
Table 3.93 gives a list of all the iron porphyrins prepared with their elemental 
analysis, mass spectrometry peak and yield.
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Iron Porphyrin CHN CHN Mass Spectrometry Yield
Code Theoretical Found (Fw =  g mol'*)
TPPFeCl C = 75.06%, H = 
4.01%, N = 7.96%
C = 74.82%, H = 
3.66% N = 7.95%
Q^HzgN^CIFe -  704 47.0%
IMP C = 70.07%, H = 
3.92%, N -  6.41%
C = 69.87%, H = 
3.83% N = 6.11%
C5,H34CIFeN403S -  874 70.0%
2MP C = 66.76%, H -  
3.86%, N = 5.36%
C = 66.83%, H = 
4.02% N = 5.51%
CagH^oCIFeN^OgS; — 1044 59.4%
3MP C -  66.76%, H -  
3.86%, N = 5.36%
C = 6 6 .8 6 %, H = 
4.02% N = 5.49%
C58H4oClFeN406S2- 1044 61.3%
4MP C = 64.28%, H = 
3.82%, N =4.61%
C = 63.93%, H = 
3.61% N = 4.44%
C65H46ClFeN409S3- 1214 48.2%
5MP C = 62.45%, H = 
3.78%, N = 4.07%
C = 62.25%, H = 
3.55% N = 4.01%
C72H52ClFeN40i2S4- 1385 74.9%
6MP C = 70.07%, H = 
3.92%, N = 6.41%
C = 70.19%, H = 
3.66% N = 6.35%
Cj,H34ClFeN403S -  874 68.2%
7MP C = 66.76%, H = 
3.86%, N = 5.36%
C = 67.02%, H = 
4 .11%N = 5.57%
C38H40CIFGN4O6S2 — 1044 42.1%
8MP C = 66.76%, H = 
3.86%, N = 5.36%
C = 67.09%, H =
4.02% N = 5.53%
C5sH4oClFeN406S2- 1044 56.7%
9MP C = 64.28%, H = 
3.82%, N =  4.61%
C = 63.88%, H = 
3.41% N = 4.37%
C65H46ClFeN409S3- 1214 49.1%
lOMP C = 62.45%, H = 
3.78%, N =  4.07%
C = 62.40%, H =
3.54% N = 4.02%
C72H52ClFeN40,2S4-1385 55.2%
lIM P C = 73.40%, H = 
3.92%, N = 7.78%
C = 73.77%, H = 
4.09% N = 7.91%
C44H28ClFeN4O-720 36.8%
12MP C = 71.80%, H =
3.83%, N = 7.61%
C = 72.09%, H = 
3.88% N = 7.62%
C44H28ClFeN402- 736 51.8%
13MP C = 71.80%, H =
3.83%, N = 7.61%
C = 71.93%, H =
3.91% N = 7.55%
C44H28ClFeN402 -  736 42.2%
14MP C = 70.27%, H = 
3.75%, N = 7.45%
C = 69.66%, H = 
3.42% N = 7.38%
C44H28C!FeN403 -  752 59.1%
15MP C = 68.81%, H =
3.67%, N = 7.30%
C = 69.32%, H = 
4.04% N = 7.43%
C44H28CIFeN404-768 44.2%
16MP C = 73.40%, H = 
3.92%, N = 7.78%
C = 73.37%, H = 
3.92% N = 7.46%
C44H28ClFeN40 -  720 42.9%
I7MP C = 71.80%, H = 
3.83%, N = 7.61%
C = 67.99%, H = 
3.58% N = 6.97%
C44H28ClFeN402-736 28.1%
I8MP C = 71.80%, H =
3.83%, N = 7.61%
C = 68.98%, H = 
3.73% N = 7.61%
C44H28CIF6N 4O2 -  736 42.2%
19MP C = 70.27%, H = 
3.75%, N = 7.45%
C = 69.87%, H = 
3.54% N = 7.88%
C44H28CIFGFI4O3 — 752 49.4%
20MP C = 68.81%, H = 
3.67%, N = 7.30%
C = 68.59%, H = 
3.61% N = 7.22%
C44H28ClFeN404- 768 45.7%
21MP C = 73.63%, H =
4.12%, N = 7.73%
C = 73.83%, H = 
4.53% N = 7.79%
C45H3oClFeN40-734 42.2%
22MP and 23MP C = 72.31%, H = 
4.22%, N = 7.33%
C = 72.01%, H =
4.06% N = 7.16%
C46H32ClFeN402 -  764 36.2%
24MP C = 71.09%, H =
4.32%, N = 7.06%
C = 71.88%, H =
4.66% N = 7.35%
C47H34CIFGN4O3 - 7 9 4 47.0%
25MP C = 69.95%, H = 
4.40%, N = 6.80%
C = 70.54%, H =
4.33% N = 6.75%
C4gH36ClFeN404 — 824 27.6%
26MP C = 70.56%, H = 
3.63%, N = 9.35%
C = 70.84%, H =
3.52% N = 9.07%
C44H27ClFeN502-749 45.8%
27MP and 28MP C = 65.56%, H = 
3.30%, N =  10.58%
C = 66.03%, H = 
3.56% N =  10.71%
C44H26CIFeN604 -  794 49.7%
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29MP C = 62.99%, H = 
3.00%, N, 11.69%
C = 60.64%, H = 
3.39% N = 10.38%
C44H25ClFeN70(i-839 36.6%
30MP -  was not prepared
31MP C = 73.50%, H = 
4.07%, N = 4.74%
C = 71.95%, H =
3.69% N = 9.37%
C4 4H2 9CIFGN5 - 7 1 9 52.6%
32MP and 33MP C = 71.99%, H = 
4.12%, N =  11.45%
C = 72.13%, H =
4.17% N = 11.51%
C44H3oClFeNô -  734 48.7%
34MP -  was not prepared
35MP -  was not prepared
36MP C = 62.78%, H = 
2.87%, N = 6 .6 6 %
C = 62.98%, H = 
2.74% N = 6.50%.
C44H24Cl5FeN4 — 842 77.8%
37MP C = 74.88%, H = 
4.07%, N = 6.59%
C = 73.89%, H = 
3.84% N = 6.65%.
C53H34ClFeN402 -  850 54.6%
38MP C = 74.88%, H =
4.07%, N = 6.59%
C = 74.13%, H = 
3.93% N = 6 .8 8 %
C5 3H3 4CIFGN4 O2 -  850 51.0%
39MP C = 74.88%, H = 
4.07%, N = 6.59%
C = 74.22%, H = 
3.89% N = 6.46%
C53H34ClFeN4O2-850 57.3%
40MP C = 59.78%, H = 
2.74%, N = 12.68%
C = 60.02%, H = 
2.98% N = 12.78%
C44H24ClFeNgOg — 884 28.1%
Table 3.93 -  Analytical data for the synthesised iron porphyrins.
Chapter four of this thesis will focus on the catalytic and degradation studies using 
the newly synthesised iron porphyrin catalysts.
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CHAPTER FOUR
Results and Discussion: 
The Catalytic Reactivity o f  
Iron Porphyrin Catalysts
4.1 Introduction
There is an extensive list of publications regarding metalloporphyrin oxidations^’ 
some of which are also referenced in Chapter Two. It is apparent that much of the 
research focuses on the tetra substituted catalysts, either with electron-donating or -  
withdrawing aryl groups at the' meso position. Most studies have examined a rather 
wide or eclectic range of substituted iron porphyrins and there are few studies of 
metalloporphyrin activity or stability where the variation in electronic effect (induced 
by the aryl substituents) is finely tuned and systematic/ The types of
metalloporphyrin catalyst studies not often seen in publications are those where the 
variation in catalyst structure is small because of either positional variation, i.e. 
meta, para, or because of incremental structural variations i.e.mono, bis, tris and 
tetrakis substitutions', and it is this that has been addressed in this thesis. One aspect 
does seem clear from the literature and this is the importance of the stabilising effect 
of the orr/zo-substituted meso-myX groups/ this is probably steric in origin. 
Cunningham et. al. used tetra-substituted metalloporphyrins in order to investigate 
how electronic effects could alter the epoxidation of cyclooctene, as well as the 
stability of the various catalysts.^ In order to concentrate on electronic factors in this 
study, only a single orzAo-susbtituted iron porphyrin was examined against its meta 
and para substituted equivalent, this is addressed in section 4.3.8.
Chart 4.1 shows the variation of ligands attached to the iron porphyrin macrocycle in 
order of their electron donating -  withdrawing ability. It should be noted that the
5,10,15,20-tetralds(pentafluorophenyl)-21H,23H-porphine iron(III) chloride is
highlighted red because it is possibly the most electron withdrawing iron porphyrin 
that is commercially available.
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Electron Donating
A
NHz
^  OH 
^  MeO 
^  H 
^  Tosyl 
Cl 
NO2
^(5)
Electron W ithdrawing
Chart 4 1  -  Substituents attached to the porphyrin in order of electron withdrawing-donating 
ability.
4.2 Experimental
4.2.1 Instrum entation
Gas chromatography (GO) analyses were earned out using a Perkin Elmer 8500 
Flame Ionisation Gas Chromatograph - with a phenyl methylpolysiloxane column 
and an injection and detection temperature set at 250®C. UV-Vis Absorption 
Spectroscopy was carried out on a Phillips PU8700 spectrometer which was 
connected to a thermostatically controlled circulating water bath.
4.2.2 Stock solutions
1. A 1 mM stock solution of the iron porphyrin in 3:1 methanol 
: dichloromethane solution was prepared.
2. A 10 mM solution of dodecane in a 3:1 methanol : dichloromethane solvent 
(170.32 mg dodecane in 100 ml).
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4.2.3 Gas Chromatographic analysis of epoxidation
A 3 : 1 methanol : dichloromethane mixture spiked with 10 mM of dodecane (570 
pL) was added to a sealable reaction flask (5 ml). To this was added iron porphyrin 
stock solution (1000 pL), and then neat cyclooctene (390 pL), the mixture was then 
sealed and allowed to stand at 25°C for 5 minutes. A solution of 30% hydrogen 
peroxide (8.82 M, 40 pL) was added to the flask and the mixture was left to react at 
25°C for 20 minutes. The yield of epoxide was determined by direct injection of the 
reaction solution into the GC after 20 minutes.^ The yield of cyclooctene oxide was 
determined relative to the standard dodecane by GC. Calibration standards were 
prepared using 5, 10, 50 and 100 mM of cyclooctene oxide in the presence of IM 
cyclooctene oxide and 10 mM dodecane.
4.2.4 Catalyst Destruction monitoring by UV-Vis spectroscopy
The decomposition of the catalyst was monitored by following the decay of the Soret 
band (typically around 415 nm). The volumes used for the analysis are as follows: a 
3 : 1 methanol : dichloromethane mixture spiked with 10 mM of dodecane (1697 pL) 
was added to a sealable reaction flask (5 ml) and to this the 1 mM iron porphyrin 
stock solution (20 pL) was added followed by cyclooctene (260 pL). The mixture 
was transferred to a 2 cm^ quartz cuvette using a microsyringe and allowed to reach 
25°C in a thermostatted cell holder. Then a solution of 30% hydrogen peroxide (8.82 
M, 23 pL) was added to the reaction flask,^ and the mixture was left to react at 25°C 
for 20 minutes while monitoring the absorbance at the appropriate wavelength.
 ^ This gives a solution at t = 0 of dodecane (2,85 mM), iron porphyrin (0.50 mM), cyclooctene (1.50 
M) and hydrogen peroxide (0.18 M).
 ^ This gives a solution at t ^  0 of dodecane (8.49 mM), iron porphyrin (10 uM), cyclooctene (1 M) 
and hydrogen peroxide (0.10 M).
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4.3 Results
4.3.1 5,10,15,20-Tetraphenyl-23iî,25Ær-porphine iron(III) chloride
The commercially available metal porphyrin 5,10,15,20-tetraphenyl-25//,25//- 
porphine iron(III) chloride (TPPFeCl) is shown in figure 4.2.
C l-F e
Figure 4.2 -  The structure of 5,10,15,20-tetraphenyI-2Jff,25ff-porphine iron(HI) chloride.
The reaction of cyclooctene with hydrogen peroxide in the presence of TPPFeCl was 
followed and the yield of epoxide was determined after 20 minutes at 25°C for four 
runs using GC analysis with dodecane as standard; results for TPPFeCl are listed 
below in table 4.3. The average epoxide yield was calculated to be 2.3 mM and this 
is a 1.3 % yield based on hydrogen peroxide. The uncertainty over 4 runs was 0.2 
mM or +/- 9% and this level reproducibility is typical for these experiments.
Concentration of epoxide by GC
Run 1 
(mM)
Run 2 
(mM)
Run 3 
(mM)
Run 4
(mM)
Average 
Epoxide Yield 
(mM)
% yield 
(based on 
H2O2)
TPPFeCl 2.5 2.2 2.1 2.5 2.3 ±0.21 1.30 ±0.12
[dodecanejo = 2.85 mM, [TPPFeCljo = 0.50 mM, [cycloocteneJo = 1.50 M, [H2O2 I0 = 0.18 M.
The degradation of TPPFeCl was not studied using UV-Vis. However, assuming 
that it is all degraded during the course of the reaction, the catalytic turnover for this 
iron porphyrin is 4.6. Cunningham et. a l recorded the half-life for this porphyrin
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being 15 seconds,^ this was based on UV-Vis monitoring of the Soret peak at 
410nm / This result is interesting as the iron porphyrin used by Cuimingham was 25 
times more dilute when compared with the concentrations used in this study. The 
hydrogen peroxide was 1.5 times more dilute upon comparison; however the 
concentration of the cyclooctene matched the amount used in this study. Bell et. al 
recorded that this porphyrin underwent 100% decomposition at a /cobs = 0.020 min"’.^  
However concentrations of hydrogen peroxide were far less than used in this study. ^  
The only conclusion which can be drawn from this information is that the catalytic 
activity of this iron porphyrin is better when highly diluted hydrogen peroxide is 
used.
It is remarkable that such an iron porphyrin, which undergoes rapid decomposition, 
gives an epoxide yield of 45% based on hydrogen peroxide as noted by Bell and his 
co-worker.^ This is the least efficient iron porphyrin catalyst in terms of epoxide 
yield, which is interesting as this is the only synthetic catalyst which lacks 
‘electronic characteristics ' in comparison to the other iron porphyrins. Indeed it is 
this iron porphyrin which can be used as a control to examine the effects of 
electronic groups when compaiing epoxide yields and catalyst degradation.
 ^Cyclooctene at 25°C in 3:1 MeOH-DCM. [MP]o = 0.02 mM, [cyclooctene]o = 1.50 M,
0.12 M
 ^  ^Cyclooctene at 25°C in 3:1 MeOH-DCM. [MP]o = 0.075 mM, [cyclooctenejo = 0.72 M, [H202]o 
0.15mM
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4.3.2 Tosyloxyphenyl Iron Porphyrins
The tosyloxyphenyl iron porphyrins are listed below in figure 4.4. Compounds IMP 
-  5MP have the toluenesulphonyl group in the meta position of the phenyl ring 
whereas 6MP -  lOMP have the toluenesulphonyl group in the para position.
O pR = Q pR =CH CH
3-TosPh 4-TosPh
R‘ R2 R3 R4 R» R2 R3 R4
IMP Ph-OTs Ph-H Ph-H Ph-H 6 MP Ph-OTs Ph-H Ph-H Ph-H
2MP Ph-OTs Ph-H Ph-OTs Ph-H 7MP Ph-OTs Ph-H Ph-OTs Ph-H
3MP Ph-OTs Ph-OTs Ph-H Ph-H 8 MP Ph-OTs Ph-OTs Ph-H Ph-H
4MP Ph-OTs Ph-OTs Ph-OTs Ph-H 9MP Ph-OTs Ph-OTs Ph-OTs Ph-H
5MP Ph-OTs Ph-OTs Ph-OTs Ph-OTs lOMP Ph-OTs Ph-OTs Ph-OTs Ph-OTs
Figure 4.4 -  The tosyloxyphenyl iron porphyrins.
The yield of epoxide under standard reaction conditions was determined after 20 
minutes at 25°C for four experimental runs; results for IMP -  5MP and 6MP -  
lOMP are shown in tables 4.5 and 4.13 respectively.
4.3.2.1 3-TosyIoxyphenyl Iron Porphyrins
The epoxide yield averages after 20 minutes are shown below in table 4.5 for iron 
porphyrins IMP -  5MP. Figure 4.6 shows the plots of absorbance (Abs) vs. time for 
the decay for these iron porphyrins.
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Concentration of epoxide by GC
Catalyst Run 1
(mM)
Run 2 
(mM)
Run 3 
(mM)
Run 4
(mM)
Average Epoxide 
Yield (mM)
% yield 
(based on 
H2O2)
IMP 3.6 2.7 3.0 3.3 3.2 ±0.39 1.8 ±0.22
2MP 2.1 2.2 1.8 2.4 2.1 ±0.25 1.2 ±0.14
3MP 2.5 2.8 2.2 1,9 2.4 ± 0.39 1.3 ±0.21
4MP 2.1 1.7 1.9 1.6 1.8 ±0.22 1.0 ±0.12
5MP 1.3 1.9 1.3 2.4 1.7 ±0.53 0.9 ± 0.29
Table 4.5 -  IMP -  5MP catalysed epoxidation of cyclooctene at 25“C in 3:1 MeOH-DCM. 
[dodecane]o = 2.85 mM, [MPJo = 0.50 mM, [cyclooctene]o = 1.50 M, IH^O l^o = 0.18 M.
D eg ra d a tio n  o f  3 -to sy lo x y p h e n y l iron p o rp h y r in s
1.8
1.6
<  1.4  ^ 1.2I 'I “■*<  0.6
0.4
0.2
4000 200 600 800 1000 1200
IM P
2M P
3 M P
4M P
5 M P
Time (s)
Figure 4 .6- Plots of absorbance at A, = 415nm for iron porphyrinss IMP -  5MP vs. time for 
decay of the Soret peak at 25 "C in 3:1 MeOH-DCM. [dodecanejo = 8.49 mM, [MPjo = 1 0  uM, 
[cyclooctenejo = 1.0 M, [HiOzjo = 0.10 M.
From a qualitative consideration of the data of figure 4.6 several points can be clearly 
noted. Firstly, the half life of each iron porphyrin is «  1200 s (20 min),
indeed even 3 x xVz is «  1200 s, so it is likely that the yields of epoxide in the yield 
experiments are limited by both the intrinsic catalytic ability of the iron porphyrins 
and the ability of the catalyst. Secondly, it seems that all the catalysts are degrading 
at approximated the same rate (as judged semi-quantitatively by T/4).
The Abs vs. time data for destruction of IMP was analysed in more detail as shown 
in figure 4.7.
Normally defined as the time taken for Abs to fall to Absotl, so here 3 x xVi is the time taken for Abs 
to fall by about 8 8 %
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Abs vs. Time
0.9
0.8
0.6
0.3
0.2
0 200 400 600 800 1000 1200
Time (s)
Figure 4.7 -  Plot of Abs vs. time for the destruction of IMP by H2O2 at 25 "C.
A simple first order plot of \n{Abs-Abs\nd over approximately 2 half-lives (about 200 
s) using level data beyond 800 s as ‘infinity’ gave a curved plot as shown in figure 
4.8; clearly the reaction does not follow first-order kinetics, at least over a period of 2 
half-lives. In figure 4.7 there appears to be a fast initial drop accounting for loss of 
most of the absorbance (and presumably most of the catalyst), with a smaller, slower, 
further drop.
ln(Abs-AbSj„r) vs. Time
C.5
0
-0.5
1.5
■2
■2.5
■3
20 40 60 80 100 
Time (s)
120 140 160 180 200
Figure 4.8 -  Plot of \x)i{Abs-Absi„A vs. time for the destruction of IMP by H2O2 at 25 “C.
However, it is probably unreasonable to expect such adherence to clean first-order 
behaviour in a system such as here, where there is ongoing catalyst destruction, and 
consumption of hydrogen peroxide. The Guggenheim kinetic method can be used in 
such situations and a plot (figure 4.9) according to the ‘Guggenheim’ method 
(applicable where a steady Absmt is hard to justify) over about one half-life, does give
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a good linear plot (R^ = 0.9999) and a first order rate constant for degradation of ^bs 
= 14.3x10'^ sK
Guggenheim In(Abs-Abs')
- 0.2
y = -0.0I43x - 0.3664 
= 0.9999
-0.4 ’
1
I
- 1.2
10 200 30 40 50
Time (s)
Figure 4.9 -  Guggenheim plot of In(/4As-/4As’) vs. time for the destruction of IMP by H2O2 at 25 
"C.
The Guggenheim method has also been used for 2MP, 3MP and 4MP with the 
graphs shown below in figures 4.10 to 4.12, giving values of ^ obs of 4.5 x 10'^, 11.7 x 
10'  ^ and 21.2 x 10'  ^ s '\  respectively. This kinetic analysis has not been applied to 
5MP because the curve is too erratic, but the half life (x/s) of this iron porphyrin is 
estimated visually using the decay plot in figure 4.6 to be of the order of 100 s, 
equivalent to a o^bs ~ 7 x 10“^  s'*.
Guggenheim In(Abs-Abs')
- 0.6 -0.0045% - 0.6107 
= 0.9934-0.65
^  -0.7< -0.75 -
Î  -0.8
-0.85
-0.9
0 2010 30 40 50
Time (s)
Figure 4.10 -  Guggenheim plot of ln(Abs-Abs^ vs. time for the destruction of 2MP by H2O2 at 25 
"C.
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Guggenheim In(Abs-Abs')
y * -0 .0 1 1 7 x -0.0343 
= 0.9776C  -0.2
<  -0.3
I  -0 4s3  -0.5 
- 0.6 
-0.7
0 10 20 30 40 50
Time (s)
Figure 4.11 -  Guggenheim plot of XnÇibs-Abs’) vs. time for the destruction of 3MP by H2O2 at 25 
“C.
Guggenheim In(Abs-Abs')
.0
Î
- 0.2
-0.4
- 0.6
- 0.8
y = -0.02I2X - 0.3272 
= 0.9985
1
- 1.2
-1.4
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Time (s)
Figure 4.12 -  Guggenheim plot of ln(Abs-Abs’) vs. time for the destruction of 4MP by H2O2 at 25 
"C.
The order of catalytic ability in terms of epoxide yield is IMP > 2MP > 3MP > 
4MP > 5MP although the trend is slight, the turnover numbers (TN) lie in range 3-6 
for all iron porphyrins. The trend in decay of the catalyst is in the order 2MP < 3MP 
< 5MP < IMP < 4 MP, but there seems to be little correlation between the catalyst’s 
ability to epoxidise and its stability. Interestingly, the compounds with the higher 
number of electron-withdrawing mefa-tosyloxyphenyl groups (4MP and 5MP) are 
neither particularly efficient nor stable, although most are slightly better (in terms of 
both efficiency and stability) than TPPFeCl.
4.3.2 2 4-Tosyloxyphenyl Iron Porphyrins
The yields of epoxide for catalysis by the 4-tosyloxyphenyl iron porphyrins (6MP -  
lOMP) were determined similarly and are listed in table 4.13.
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Concentration of epoxide by GC
Catalyst Run 1
(mM)
Run 2 
(mM)
Run 3 
(mM)
Run 4
(mM)
Average Epoxide 
Yield (mM)
% yield
(based on H2O2)
6MP 2.9 2.5 3.1 3.1 2.9 ± 0.28 1.6±0.15
7MP 2.5 1.7 1.8 1.7 1.9 ±0.39 1.1 ±0.23
8MP 2.4 2.0 1.9 2.1 2.1 ±0.22 1.2 ±0.13
9MP 2.5 2.1 1.4 1.3 1.8 ±0.57 1.0 ±0.31
lOMP 5.4 6.6 4.0 4.6 5.2 ± 1.1 2.9 ±0.61
Table 4.13 -  6 MP -  lOMP catalysed epoxidation of cyclooctene at 25 "C in 3:1 MeOH-DCM 
[dodecanejo = 2.85 mM, (TPPFeCIlo = 0.50 mM, [cyclooctenejo = 1.50 M, [H2O2 I0  = 0.18 M.
Also, figure 4.14 shows the plots of absorbance V5. time for decay of iron porphyrins 
6M P-10M P.
Degradation of 4-tosyloxy iron porphyrins
1.4
1.2
6MP
7MP
8MP
9MP
lOMP
0 .8
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0.2
200 400 600 
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800 1000 1200
Figure 4.14 -  Plots of absorbance for iron porphyrins 6 MP -  lOMP vs. time for decay of the 
Soret peak at 25 "C in 3:1 MeOH-DCM. [dodecane]o = 8.49 mM, (MPjo = 10 uM, cyclooctenejo = 
1.0 M, (H202lo = 0.10M .
As with the 3-tosylphenyl catalysts, most of the 4-tosylphenyl moieties have been 
degraded by 1200 s, that is, over the time period allowed for the epoxide to form in 
the yield reactions. However, there appears to be differences in the decay rates, 
although only data for 7MP, 9MP and lOMP were analysed quantitatively because 
the other two did not give clean plots. As before, the Guggenheim plot was used for 
7MP and 9MP although lOMP gave a good first-order plot and the graphs are shown 
below in figures 4.15, 4.16 and 4.17, giving o^bs of 7.5, 9.8 and 4.2 x 10’^  s '\  
respectively. This plot has not been applied to 6MP but the xV2 o f this iron porphyrin 
is estimated at 250 s, equivalent to a o^bs - 3 x 1 0 '^  s '\  Compound 8MP seems to be
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unusually slow to decay and its estimated xVs is >1200 s, equivalent to a o^bs < 1 x 1 0 '
Î
-8
Guggenheim In(Abs-Abs')
y = -0.0075X - 0.3181 ' ^ 
= 0.9997
: .
-0.5 -
Time (s)
Figure 4 .1 5 -  Guggenheim plot of ln(/4bs-/lbs 0 vs. time for the destruction of 7MP by H2O2 at 25 
“C.
Guggenheim In(Abs-Abs')
> « -T y =-0.0098% - 1.01181 
= 0.9957
W0
Time (s)
Figure 4.16 -  Guggenheim plot of \n{Abs-Abs^ vs. time for the destruction of 9MP by H2O2 at 25
" C ._ _ _______________________________________________________________________________
In(Abs-AbSinf) vs. Time
0  - 1 . 6
* ■* ' ' I
-0.0042% - 0.8922 
0.999
V 'k'Wlwr *T T
50 100 150 200 250
Time (s)
Figure 4.17 -  Guggenheim plot of ln(X6s-/46s;nf) vs. time for the destruction of lOMP by H2O at 
25 "C.
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The decay rate constants for the 4-tosylphenyl catalysts are not very different to 
those for the 3-tosylphenyl iron porphyrins, and there is little variation within the 
series. The cis- bis-substituted material stands out because of its slow degradation, 
but it shows no obvious improvement in yield. However, this material appears not to 
have completely decayed after 1200 s (20 m), so if the reactions had been left longer, 
this catalyst might have continued to ‘turn over’ producing epoxide long after the 
others had ceased.
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4.3.3 Hydroxy phenyl Iron Porphyrins
The hydroxyphenyl iron porphyrins are listed below in figure 4.15. IIMP -  I5MP 
have the hydroxy group in the meta position of the phenyl ring whereas 16MP -  
20MP have the hydroxy group in the para  position.
OH
3-PhOH
Ri R2 R3 R4
llM P Ph-OH Ph-H Ph-H Ph-H
12MP Ph-OH Ph-H Ph-OH Ph-H
13MP Ph-OH Ph-OH Ph-H Ph-H
14MP Ph-OH Ph-OH Ph-OH Ph-H
15MP Ph-OH Ph-OH Ph-OH Ph-OH
R = OH
4-PhOH
RJ R2 R3 R4
16MP Ph-OH Ph-H Ph-H Ph-H
17MP Ph-OH Ph-H Ph-OH Ph-H
I8 MP Ph-OH Ph-OH Ph-H Ph-H
19MP Ph-OH Ph-OH Ph-OH Ph-H
20MP Ph-OH Ph-OH Ph-OH Ph-OH
Figure 4.15 -  The hydroxyphenyl iron porphyrins.
The efficiency of these catalysts in epoxidation was again quantified by measurement 
of the Soret peak under standard reaction conditions after 20 minutes at 25°C for four 
experimental runs; results for llM P  -  15MP and 6MP -  20MP are shown in table 
4.15 and 4.20, respectively.
4.3.3.1 3“Hydroxyphenyl Iron Porphyrins
Results for llM P  — 15MP are listed below in table 4.16.
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Concentration of epoxide by GC
Catalyst Run 1
(mM)
Run 2 
(mM)
Run 3 
(mM)
Run 4
(mM)
Average 
Epoxide Yield 
(mM)
% yield 
(based on 
H2O2)
llM P 1.2 1.0 1.3 1.0 1.1 ±0.15 0.6 ± 0.08
12MP 1.4 1.4 1.6 1.4 1.5±0.1 0.8 ± 0.01
13MP 1.3 1.3 1.4 1.3 1.3 ±0.05 0.7 ± 0.03
14MP 2.1 1.7 1.5 1.7 1.8 ±0.25 1.0±0.14
15MP 1.2 1.2 0.8 1.3 1.1 ±0.22 0.5 ±0.10
Table 4.16 -  llM P  -  15MP catalysed epoxidation of cyclooctene at 25”C in 3:1 MeOH-DCM. 
(dodecanejo = 2.85 mM, [MPjo = 0.50 mM, [cyclooctenejo = 1.50 M, [H2 0 2 ]o = 0.18 M.
Figure 4.17 shows the plots of absorbance vf. time for iron porphyrins llM P  -  
15MP.
Degradation of 3-hydroxyphenyl iron porphyrins 
1
l l M P
12MP
13MP
14MP
15MP
O 200 400 600 800 
Time (s)
1000 1200
Figure 4 .17 - Plots of absorbance for iron porphyrins l lM P  -  15M P vs. time for decay of the 
Soret peak at 25"C in 3:1 MeOH-DCM. (dodecanejo = 8,49 mM, (MPjo =  10 uM, (cyclooctenejo 
= 1.0 M , (H202|o = 0.10 M.
Only the plot for the mono hydroxyl compound llM P  showed clean first-order 
kinetics by the Guggenhein method as shown in figure 4 .18, if the first 50 seconds is 
ignored, to give o^bs = 5 x 10'  ^s’*.
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Guggenheim In(Abs-Abs')
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Figure 4.18 -  Guggenheim plot of \n{Abs-Abs^ vs. time for the destruction of llM P  by H2O 2 at 
25 ”C.
There is an initial slow decrease for 15MP, but after about 200 s, the decay appears 
to be similar in rate to that for llM P  (see figure 4.17).
The decay for 12MP and 13MP is much slower, continuing well after 1200 s, and 
the xV2 is > 650 s (so A: < 1 x 10*^  s'*). The plot for 14MP is shallower, but the xYz is 
around 200 s, so A: ~ 3 x 10'  ^ s'*, not too dissimilar to llM P  and 12MP. Despite 
these differences, the yield of epoxide is similar for each, and also very low. Indeed 
at turnover of 2 to 3, these reactions can hardly be called ‘catalytic’ at all.
4.3.2.2 4-Hydroxyphenyl Iron Porphyrins
The yields of epoxide for catalysis by the 4-hydroxyphenyl iron porphyrins (16MP -  
20MP) were determined similarly to the 3-hydroxyphenyl series and are listed in 
table 4.19.
Concentration of epoxide by GC
Catalyst Run 1
(mM)
Run 2 
(mM)
Run 3 
(mM)
Run 4
(mM)
Average 
Epoxide Yield 
(mM)
% yield 
(based on 
H2O2)
16MP 4.1 4.5 5.0 5.1 4.7 ±0.54 2.6 ±0.30
17MP 3.5 4.2 3.7 4.7 4.0 ±0.54 2.2 ± 0.30
18MP 2.5 2.5 2.2 2.3 2.4 ±0.15 1.3 ±0.08
19MP 3.3 3.6 2.4 3.7 3.3 ± 0.59 1.8 ±0.32
20MP 0.7 1.1 1.2 0.9 1.0 ±0.22 0.6 ±0.13
Table 4.19 -  16MP -  20MP catalysed epoxidation of cyclooctene at 25"C in 3:1 MeOH-DCM. 
[dodecanejo = 2.85 mM, [MPjo = 0.50 mM, [cyclooctenejo = 1.50 M, [H2 0 2 [o = 0.18 M.
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Interestingly, the yields, although low, are much higher than for the 3-series, and 
turnover numbers are in the range 2 to 9, compared with 2 to 3.
Figure 4.20 shows the plots of the decay of absorbance for iron porphyrins 16MP -  
20MP.
Degradation of 4hydroxyphenyl iron porphyrins
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Figure 4.20 -  Plots of absorbance for iron porphyrins 16MP -  20MP vs. time for decay of the 
Soret peak at 25“C in 3:1 MeOH-DCM. [dodecanejo = 8.49 mM, [MPjo = 10 uM, [cyclooctenejo 
= 1.0 M, [H202lo = 0.10M .
From a qualitative consideration of the data in figure 4.20, it seems as if 17MP and 
19MP are already degraded, possibly on standing, so these results will no longer be 
considered. The Guggenheim approach was used for 16MP, 18MP and 20MP with 
the graphs shown below in figures 4.21, 4.22 and 4.23 respectively.
Guggenheim In(Abs-Abs')
A<
0
-0.2
-0.4
-0.6
- 0.8
-1
- 1.2
-1.4
y = -0.0195X - 0.3237 
= 0.9992
0 10 20 30 40 50 60
Time (s)
Figure 4.21 - Guggenheim plot of \n{AbS'Abs') vs. time for the destruction of 16MP by H2O2 at 25 
"C.
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Guggenheim In(Abs-Abs')
y = -0 .0 3 x -0.2728 
= 0.9994
XI
20 400 10 30 50 60
Time (s)
Figure 4.22 - Guggenheim plot of \n{Abs-Abs') vs. time for the destruction of 18MP by H2O 2 at 25 
"C.
Guggenheim In(Abs-Abs')
- 0.6
-0.65
■2 -0.75 y = -0.0056% - 0.6791 
= 0.9996<  -0.85 
-  -0.9
-0.95
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Figure 4.23 - Guggenheim plot of ln(/16s-/tAs ') vs. time for the destruction of 20MP by H2O2 at 
25 "C.
The values for the decay rate constant A^obs for the mono-hydroxyphenyl and trans 
his-hydroxypheny 1 are 19.5 x 10'^ and 30 x 10’^  s '\  respectively. These are among 
the highest values so far, showing that the 4-hydroxyphenyl compounds decay 
readily. Yet of these, llM P  has a relatively high turnover of approximately 9. The 
tetra-substituted 20MP decays slowly with Aobs = 5.6 x 10'  ^ s"\ but is by far the least 
efficient at epoxidation.
Cunningham and his co-workers^ found that 20MP yielded 8 mM of cyclooctene 
oxide with a half life of 20 seconds (A ~ 35 x 10'  ^ s'^); upon comparison with the 
result recorded above it is clear to see that the iron porphyrin which Cunningham
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used was 25 fold more d i l u t e A s  the hydrogen peroxide which Cunningham used 
was also 1.5 times more dilute it is hard to explain the difference in the yield of 
epoxide, especially as the concentration of cyclooctene remained the same. This 
variation could be attributed to the porphyrin used in the referenced paper being 
purchased from Frontier Scientific Inc. and hence being of a higher purity, however 
with the iron porphyrin used in this study was within the accepted range of purity as 
judged by combustion analysis and thus in theory there should be no difference 
between these two catalysts. So the explanation for this could be that an epoxidation 
reaction for the catalyst in question is higher yielding if the catalyst and oxidant are 
kept at a lower concentration factor in comparison to the alkene.
Cunningham - cyclooctene at 25“C in 3:1 MeOH-DCM. [MP]o = 0.02 mM, [cyclooctenejo = 1.50 
M, [H202]o = 0.12M .
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4.3.4 Methoxyphenyl Iron Porphyrins
The methoxylphenyl iron porphyrins are listed below in figure 4.24. The iron 
porphyrins 2IMP -  25MP have the methoxy group in the para position.
R
4-Ph-OMe
Ri R2 R3 R4
21MP Pli-OMe Ph-H Ph-H Ph-H
22MP Ph-OMe Ph-H Ph-OMe Ph-H
23MP Ph-OMe Ph-OMe Ph-H Ph-H
24MP Ph-OMe Ph-OMe Ph-OMe Ph-H
25MP Ph-OMe Ph-OMe Ph-OMe Ph-OMe
Figure 4.24 -  The methoxyphenyl iron porphyrins.
The epoxide yields are shown in table 4.25.
Concentration of epoxide by GC
Catalyst Run 1 
(mM)
Run 2 
(mM)
Run 3 
(mM)
Run 4
(mM)
Average 
Epoxide Yield 
(mM)
% yield 
(based on 
H2O2)
2IMP 2.0 2.0 3.0 2.3 2.3 ± 0.47 1.3 ±0.27
22MP
and
23MP
6.0 7.2 7.2 10.2 7.7 ± 1.79 4.3 ± 1.00
24MP 2.2 2.1 1.7 1.5 1.9 ±0.33 1.1 ±0.19
25MP 2.1 1.8 2.0 2.1 2.0 ±0.41 1.1 ±0.23
Table 4.25 -  21MP -  25MP catalysed epoxidation of cyclooctene at 25"C in 3:1 MeOH-DCM. 
[dodecanejo = 2.85 mM, [MPjo = 0.50 mM, jcyclooctenejo = 1.50 M, jH^Ozjo = 0.18 M.
Figure 4.26 shows the decay plots of absorbance v.y. time for 21MP -  25MP.
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Degradation of 4-methoxyphenyl iron porphyrins
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Figure 4.26- Plots of absorbance for iron porphyrins 21MP -  25MP vs. time for decay of the 
Soret peak at 25 “C in 3:1 MeOH-DCM. [dodecanejo = 8.49 mM, [MPjo = 10 uM, [cyclooctenejo 
= 1.0 M, [HjOzjo = 0.10 M.
Reasonable Guggenlieim plots were obtained in figures 4.27, 4.28 and 4.29 for 
22/23MP, 24MP and 25MP,respectively. The kohs values are 9 x 10'^, 2 x 10*^  and 5 
X 10'^' s'* respectively. This plot has not been applied to 21MP, but its decay seems 
to be similar to that for 24MP.
Guggenheim In(Abs-Abs')
-0.7
y = -0.0088% - 0.8087 
R' = 0.9891
0 10 20 30 40 50
Time (s)
Figure 4.27 -  Guggenheim plot of ln(/16s-/lAs') vs. time for the destruction of 22MP and 23MP 
by HjOjat 25 ”C.
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Guggenheim In(Abs-Abs')
y =-0.0018%-0.5113
R‘ = 0.9696
<  -0.53
■a -0.55
Time (s)
Figure 4.28 -  Guggenheim plot of ln(Abs-Abs^ vs. time for the destruction of 24MP by at 
25 "C.
Guggenheim In(Abs-Abs')
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Figure 4.29 -  Guggenheim plot of ln(Abs-Abs’) vs. time for the destruction of 25MP by H2O 2 at 
25 "C.
Apart from the high yield for epoxidation by 22/23MP there is little remarkable in 
these results. It is interesting to note that 25MP has been used to investigate the 
oxidation of naphthol to 2-hydroxy-1,4-naphthoquinone. This research was recorded 
by Yan and his co-workers,* under alkaline conditions, in a number of different 
solvents which ranged from water to hexane with molecular oxygen as oxidant. The 
highest conversion (62.2%) was recorded for the epoxidation of 2-naphthol in 
isopropanol. It was observed that sodium hydroxide is a necessary agent for the 
catalytic reaction. Without sodium hydroxide, no product could be obtained. 
Possibly, the alkali media can reduce and adjust the redox potentials in the catalytic 
reaction. It is also worth noting that this reaction did not work in either strong or
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weak polarity solvents; however the use of a medium polarity solvent seemed to 
induce catalytic activity.
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4.3.5 Nitrophenyl Iron Porphyrins
The nitrophenyl iron porphyrins are listed below in figure 4.30. These iron 
porphyrins 26MP -  30MP have the nitro group in the para position.
R =
26MP Ph-NOj 
27MP Ph-NO; 
28MP PI1-NO2 
29MP Ph-NOj 
30MP Ph-NO,
NO,
4-PhN02
R2
Ph-H
Ph-H
Ph-NO;
Ph-NOg
Ph-NO,
R3
Ph-H
Ph-NOj
Ph-H
Ph-NO^
Ph-NO,
R4
Ph-H
Ph-H
Ph-H
Ph-H
Ph-NO,
Figure 4.30 -  The nitrophenyl iron porphyrins.
The yield of epoxide shown in table 4.31, (5,10,15,20-tetrakis-(4-nitrophenyl)- 
2i//,25//-porphine iron(III) chloride (30MP) was not studied due to synthesis 
problems) are not very different in comparison to those seen earlier, although 
turnover is quite high (-10) for the mono- and tri-substituted catalysts.
Concentration of epoxide by GC
Catalyst Run 1
(mM)
Run 2 
(mM)
Run 3
(mM)
Run 4 
(mM)
Average 
Epoxide Yield 
(mM)
% yield 
(based on 
H2O2)
26MP 5.4 4.6 4.5 4.2 4.7 ±0.51 2.6 ±0.28
27MP
and
28MP
2.5 1.6 1.6 1.7 1.6 ±0.44 0.9 ± 0.25
29MP 1.9 5.4 3.9 5.2 4.1 ±1.61 2.3 ± 0.90
Table 4.31 -  26MP -  29MP catalysed epoxidation of cyclooctene at 25®C in 3:1 MeOH-DCM. 
[dodecanejo = 2,85 mM, [MPjo = 0.50 mM, [cyclooctenejo = 150 M, [HiOajo = 0.18 M.
Figure 4.32 shows the decay plots of absorbance for 26MP -  29MP.
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D egradation o f  4-n itrop h en yl iron porphyrins
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Figure 4.32- Plots of absorbance for iron porphyrins 26MP -  29MP vs. time for decay of the 
Soret peak at 25 ®C in 3:1 MeOH-DCM. [dodecanejo = 8.49 mM, [MPjo = 10 uM, [cyclooctenejo 
= 1.0 M, jHi02jo = 0.10M .
Kinetic analysis of the data for 27/28MP is shown below in figure 4.33 and it gives 
^obs = 16.7 X 10'  ^ s’*. A full analysis was not carried out for the others, but the decay 
rate for 26MP seems similar to that for 27/28MP.
Guggenheim In(Abs-Abs')
-0.4
- 0.6 y = -0.0167% - 0.4868 
= 0.9978
- 1.2
10 200 30 40 50
Time (s)
Figure 4.33 -  Guggenheim plot of \n{Abs-Abs^ vs. time for the destruction of 27MP and 28MP 
by HzOzat 25 "C.
It is often assumed that iron porphyrins bearing strongly electron-withdrawing 
groups are both efficient epoxidation catalysts and stable towards oxidative 
degradation.^ The results here for the iron porphyrins with the strongly-withdrawing 
nitro groups do not show any strong evidence for this and this view is also echoed by 
Pereira and her co-workers.***
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4.3.6 4-AminophenyI Iron Porphyrins
The aminophenyl iron porphyrins are listed below in figure 4.34. These iron 
porphyrins 26MP -  30MP have the amino group in the para position.
NHj
4 -PI1NH2
Ri R2 R3 R4
26MP Ph-NH2 Ph-H Ph-H Ph-H
27MP Ph-NHg Ph-H Ph-NHj Ph-H
28MP Ph-NHj Ph-NHj Ph-H Ph-H
29MP Ph-NH^ Ph-NH; Ph-NH2 Ph-H
30MP Ph-NHg Ph-NHj Ph-NHj Ph-NHj
Figure 4.34 -  The aminophenyl iron porphyrins.
The yields of epoxide for 31MP -  33MP are shown in table 4.35 (the iron 
porphyrins 5,10,15-tri-(4-aminophenyl)-20-phenyl-27/^ 2i//-porphine iron(III) 
chloride (34MP) and 5,10,15,20-tetrakis-(4-aminophenyl)-27//,2i//-porphine 
iron(III) chloride (35MP) were not studied due to synthesis problems).
Concentration of epoxide by GC
Catalyst Run I 
(mM)
Run 2 
(mM)
Run 3
(mM)
Run 4
(mM)
Average 
Epoxide Yield 
(mM)
% yield 
(based on 
H2O2)
3IMP 5.0 4.8 4.6 4.5 4.7 ± 0.22 2.6 ±0.12
32MP
and
33MP
4.6 4.1 3.9 4.0 4.2 ± 0.44 2.3 ± 0.24
Table 4.35 -  31 MP -  33MP catalysed epoxidation of cyclooctene at 25“C in 3:1 MeOH-DCM. 
[dodecanelo = 2.85 mM, [MP)o = 0.50 mM, [cyclooctenejo = 1.50 M, [HaOzlo = 0.18 M.
Interestingly, the epoxidation yields for these iron porphyrins with strongly donating 
amino substituents are not very different to those for the nitro catalysts. Figure 4.36 
shows the decay plots for iron porphyrin 31MP. The decay plot for 32MP is not 
shown.
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D e g r a d a t io n  o f  5 - (4 -a m in o p h e n y l) -1 0 ,1 5 ,2 0 -p h e n y I  iron
p o r p h y r in
3 1 M P
50 0 1000
T i m e  (s)
Figure 4.36 -  Plots of absorbance for iron porphyrin 31 MP vs. time for decay of the Soret peak 
at 25"C in 3:1 MeOH-DCM. |dodecanejo = 8.49 mM, |MP)o = 10 uM, [cyclooctenejo = 1.0 M, 
jH20do = 0.10M .
A plot according to the Guggenheim method gave a good linear plot (R^ = 0.9981), 
shown in figure 4.37 and kohs = 21.9 x 10'  ^ s'*. As with the ‘yield’ experiments, this 
value is close to that for the nitro compound.
Guggenheim In(Abs-Abs')
- 0.2 * 
Ç  -0.4 
- 0.6
y = -0.0219X - 0.2002 
= 0.9981
0 3010 20 40 50
Time (s)
Figure 4.37 - Guggenheim plot of \n{Abs-Abs*) vs. time for the destruction of 31 MP by H2O2 at 
25 "C.
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4.3.7 5,10,15,20-T etrakis-(4-chlorophenyl)-2i//,2ijfir-porphine iron(III)
chloride
The tetra-or?/îo-dichlorophenyl poiphyrin is a popular one for catalysis studies/^' 
so the effect of the 4-chlorophenyl substituent was studied using the 5,10,15,20- 
tetrakis-(4-chlorophenyl)-27//,25/f-porphine iron(III) chloride (36MP) shown below 
in figure 4.38.
C l-F eCl
Cl
Cl
Figure 4.38 The structure of 5,I0,15,20-tetrakis-(4-elilorophenyl)-21H,23H-porphine iron(IIl) 
chloride.
The yield of epoxide is shown in table 4.39, but is little different to those seen for the 
nitro and amino compounds.
Concentration of epoxide by GC
Catalyst Run 1 
(mM)
Run 2 
(mM)
Run 3 
(mM)
Run 4 
(mM)
Average
Epoxide
Yield
(mM)
% yield 
(based on 
H2O2)
36MP 6.6 7.6 8.8 8.7 7.9 ± 1.04 4.4 ±0.58
Table 4.39 -  36MP catalysed epoxidation of cyclooctene at 25“C in 3:1 MeOH-DCM. 
(dodecanejo = 2.85 mM, [MPjo = 0.50 mM, [cyclooctenejo = 1.50 M, [HaOzjo = 0.18 M.
Figure 4.40 shows the decay plots of absorbance for iron porphyrin 36MF, but its tV^  
seems to be about 200 s, again not significantly different to many of the others.
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Degradation of 5,10,15,20-tetrakis-(4-chiorophenyl) 
iron por|4iyrin
I
0.8
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36 MP0.4
0.2
0
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800 1000 1 200
Figure 4.40 -  Plot of absorbance for iron porphyrin 36MP vs. time for decay of the Soret peak at 
25“C in 3:1 MeOH-DCM. [dodecanejo = 8.49 mM, [MPjo = 10 uM, [cyclooctenejo = 1.0 M, 
[H2 O2 I0  — 0.10 M.
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4.3.8 Cinnamyloxyphenyl Iron Porphyrins
The cinnamyloxyphenyl iron porphyrins are listed below in figure 4.41. In this case, 
mono ortho-, meta- and para-isomers were examined.
R =
Ri
37MP Ph-Cinn Ph-H Ph-H Ph-H
R =
Ri
38MP Ph-Cinn Ph-H
R _____
Ph-H Ph-H
O
R' R2 R3 R4
39MP Ph-Cinn Ph-H Ph-H Ph-H
Figure 4.41 -  The cinnamyloxyphenyl iron porphyrins.
The yields of cycloocteneoxide are shown in table 4.42 using 37MP -  39MP.
Concentration of epoxide by GC
Catalyst Run 1
(mM)
Run 2 
(mM)
Run 3 
(mM)
Run 4
(mM)
Average 
Epoxide Yield 
(mM)
% yield 
(based on 
H2O2)
37MP 13.3 7.9 10.0 9.0 10.1±2.33 5.6 ± 1.29
38MP 7.2 10.8 10.4 8.6 9.3 ± 1.67 5.2 ±0.93
39MP 3.8 4.2 3.4 4.7 4.0 ± 0.56 2.2 ±0.31
Table 4.42 -  37MP -  39MP catalysed epoxidation of cyclooctene at 25®C in 3:1 MeOH-DCM, 
(dodecanejo = 2.85 mM, [MP]o = 0.50 mM, [cyclooctenejo = 1.50 M, [H2O2 J0 = 0.18 M.
Figure 4.43 shows the plots for decay of absorbance for iron porphyrins 37MP -
39MP.
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Degradation o f 4-cinnamyl iron porphyrins
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Figure 4.43- Plots of absorbance for iron porphyrins 37MP, 38MP and 39MP vs. time for decay 
of the Soret peak at 25 “C in 3:1 MeOH-DCM. |dodecane|o = 8.49 mM, [MPjo = 10 pM, 
(cyclooctenejo = 1.0 M, IH2O2 I0  = 0.10 M
The Guggenheim plot for 39MP is in figure 4.44 and gives o^bs “  2.8 x 10*^  s'*. It is 
clear from figure 4.43 that the rate is decay is similar for 37MP and somewhat faster 
for 38MP.
Guggenheim In(Abs-Abs')
y = -0.0028% - 0.0692
R‘ » 0.9942
<  -0.13
Time (s)
Figure 4.44 -  Guggenheim plot of ln(Abs-Abs*) vs. time for the destruction of 39MP by H2 O2 at 
25 "C.
The epoxide yields for the meta- and the orf/zo-catalysts are quite high, and the decay 
rate constant, at least for the ortho- (37MP), is relatively slow. This suggests that 
steric factors play an important role is the epoxidation reaction.
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4.4 Discussion
It has been shown by earlier work in the Cunningham group that the controlling 
factor in the ability of iron porphyrin to catalyse alkene epoxidation by hydrogen 
peroxide is the stability of the iron porphyrin; that is, the reaction usually ceases prior 
to consumption of all the hydrogen peroxide (the stoichiometrically limiting reagent) 
because of bleaching of the catalyst.
No clear trend was found in the decay rate constants, allowing for a fairly wide 
experimental uncertainty in the data of table 4.47, although there is some suggestion 
that these are higher for strongly electron-withdrawing and strongly electron- 
donating groups. Given the impoi-tance of direct degradation of catalyst (without 
going via the (por^ )Fe*^=0 highlighted by Cunningham et a l, this is not surprising 
for the iron porphyrins with electron-donating groups, but cannot be easily explained 
for the electron-withdrawing ones. Rather surprisingly, moving to the bis-, tris- and 
even tetrakis- compounds made little difference to the ease of bleaching. The 
greater instability of the 3-tosyloxy vs. 4-tosyloxy iron porphyrins is noteworthy, and 
also not obviously explicable. It is tempting to speculate that, with both groups of 
similar electron-withdrawing ability, this may be steric in origin, possibly with the 3- 
tosyloxy blocking approach of the cyclooctene, but no significant difference in 
epoxide yield is seen for the two. In contrast, the yield and decay results for the 
cinnamyloxyphenyl iron porphyrins support the idea that that bulky groups favour 
epoxidation (moderate epoxide yields) by preventing degradation (low degradation 
rate constants). The rather low epoxide yields for the strongly donating, or 
withdrawing amino and nitro groups can be viewed in the context of their rapid 
degradation. This suggests that if these could be protected from degradation, they 
might be useful catalysts.
In order to get some idea of the ability of an iron poi-phyrin to catalyse epoxidation 
when decoupled from its tendency to be degraded, the factor ‘turnover number 4- 
lifetime’ is defined; this reflects fact that a catalyst may be very good, but is 
restricted by its rapid decay. In the context of this work, where all experiments were 
earned out at approximately the same metalloporphyrin concentration (500 and 10 
pM), this is equivalent to ‘epoxide yield x Id and gives values for the ‘mono­
substituted iron porphyrins ' of 80 (4-NO2), > 28 (3-cinnamyl), 46 (3-tosyloxy), 9 (4-
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tosyloxy), 11 (4-cinnamyl), 6 (3-HO), (H)«, (4-MeO) 92 (4-HO), 103 (4-NHz)
and these figures can be found in tables 4.46 and 4.47 respectively. Once again, the 
trend towards greatest ability at either end of the electron-withdrawing to electron- 
donating spectrum is seen. This suggests a balance between two competing factors. 
The simplest mechanism is that described in scheme 4.45 involving oxidation of the 
metalloporphyrin (Fe***) to the oxoferryl species (por^ )Fe*^=0, followed by transfer 
of the ‘O’ to the substrate alkene with (effectively) reduction of the (por^ )Fe*^=0 
back to Fe***. Clearly, an electron-rich metalloporphyrin would be expected to 
undergo step 1, oxidation, more readily, while an electron-deficient one would 
undergo step 2, reduction, more readily. However, further kinetic studies would be 
needed to confirm this.
s te p  1 
oxida tion
s te p  2  
reduction
favoured by electron- 
donating groups favoured by electron- withdrawing groups
Scheme 4.45 -  Metalloporphyrin oxidation and reduction mechanism.
Epoxide Yield
The yield results for all catalysts are summarised in table 4.46. It is interesting to 
note that there is no distinct pattern in the yield of epoxide produced. It is also 
interesting to note that the TPPFeCl porphyrin has an intermediate yield at 2.3mM, 
which is a lot higher in comparison to some of the electron donating and 
withdrawing iron porphyrins. The epoxide result obtained from the methoxyphenyl 
iron porphyrins was unexpected as it does not follow any trend with regards to the 
rest of the iron porphyrin families. The 2, 3 and 4-cinnamyloxyphenyl iron 
porphyrin catalysts showed good epoxidation yields with the yields being in the 
order o f 2>3>4, this outlines that steric factors play an important role is the 
epoxidation reaction.
Could not be calculated in this way due to the lack of /Cobs 
Could not be calculated in this way due to the lack of/cobs
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Functional groups 
with the ’Hammett 
substituent 
constants’
Yields of epoxide (mM)
Mono cis-Bis tmns-Bis Tris Tetrakis
4 -NO2 (0.78) 4.7 1.6 4.1 -
3-cinnamyl (0.39) 9.3 - - - -
3-tosyl (0.36) 3.2 2.1 2.4 1.8 1.7
4-tosyl (0.33) 2.9 1.9 2.1 1.8 5.2
4-cinnamyl (0.31) 4.0 - - - -
4-Cl (0.23) - - - - 7.9
3-OH (0.12) 1.1 1.5 1.3 1.8 1.1
H (0) 2.3
4-OMe (-0.27) 2.3 7.7 1.9 2.0
4-OH (-0.37) 4.7 2.0 4.4 3.3 1.0
4 -NH2 (-0.66) 4.7 4.2 -
2-cinnamyl 10.1 - - -
Table 4.46 -  Epoxide yields from the catalytic iron porphyrins.
Decay rate
The decay rate constants are shown in table 4.47. No relationship is seen between 
any of the iron porphyrin catalysts; this is unexpected as it could be argued that small 
changes within a chemical system (such as an extra functional group on a phenyl 
ring) should show a uniform change when working through a family of catalysts. 
What is even more surprising is that no distinct pattern emerged from the variations 
using the 'Hammett substituent constants'. It is also interesting to note that even 
though the cinnamyloxyphenyl derivatives showed a trend when studying their 
epoxide yields this is not mirrored when looking at their decay rates.
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Functional 
groups with the 
’Hammett 
substituent 
constants’
Mono cis-Bis trans-Bis Tris Tetrakis
4 -NO2 (0.78) 17 16.7 - -
3-cinnamyl (0.39) > 3 - - - -
3-tosyl (0.36) 14.3 4.5 11.7 21.2 7
4-tosyl (0.33) 3 7.5 <1 9.8 4.2
4-cinnamyl (0.31) 2.8 - - - -
4-Cl (0.23) - - - - 3
3-OH (0.12) 5 <1 <1 3 5
H (0) “
4-OMe (-0.27) - 9 2 5
4-OH (-0.37) 19.5 - 30 - 5.6
4 -NH2 (-0.66) 21.9 - - -
2-cinnamyl 3 - - - -
Table 4.47 -  Decay constants for the iron porphyrin catalysts.
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CHAPTER FIVE
Experimental: 
Synthesis o f Iron Porphyrins 
and Precursors
5.1 Information and Preparation of Materials
’H and '^C NMR spectra were recorded on a Bruker Avance 500 MHz spectrometer 
and a JEOL 400MHz ECX spectrometer. Ô values are quoted relative to 
tetramethylsilane (4i 0.00 ppm), deuteriochloroform (CDCI3 7.27 ppm), 
deuteriodimethylsulphoxide (de-DMSO 4 , 2.50 ppm) or deuteriotrifluoroacetic acid 
(d-TFA 11.50 ppm) for *H NMR and relative to deuteriochloroform (CDCI3 Sc
77.23 ppm), deuteriodimethylsulphoxide (dô-DMSO Sc 39.51 ppm) or 
deuteriotrifluoroacetic acid (d-TFA Sc 116.60 ppm and 164.20 ppm) for NMR 
unless otherwise stated. Microanalyses were obtained using a Leeman CE 440 
automatic elemental analyser. Infrared spectra were determined on a Perkin Elmer 
System 2000 FT-IR spectrometer. The mass spectra were recorded on a Thermo 
Fiimigan MAT95XP. All starting materials were obtained commercially from 
Sigma-Aldrich, Alfa or Fisher synthesis. All solvents were dried using the usual 
literature methods. Reagents were also purified using the relevant literature 
methods. '
Thin Layer Chromatography (TLC) was carried out on pre-coated plates (Merck 
Kieselgel 60 F254 silica, neutral alumina oxide and Sigma F254 basic alumina oxide). 
Silica gel, neutral and basic alumina was obtained from Sigma-Aldrich.
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5.2 Synthetic Preparation of Precursors 
5.2.1 (2R, 3R) and (2S, 5*S)-Diphenyloxirane
(1)
Into a stirred solution of m-CPBA (7.5 g, 43.5 mmol) in CHCI3 (150 ml) held at 0°C 
was added a mixture of E-stilbene (6.3 g, 35 mmol) dissolved in CHCI3 (25 ml). The 
reaction mixture was stirred for 24 hours at room temperature and then filtered. The 
filtrate was washed with a saturated solution of NaHC03 (3 x 75 ml) and the organic 
layer was separated. The organic extract was removed, dried with Na2S04 , filtered 
and evaporated under reduced pressure to yield a white solid. The solid was 
recrystallised from hot petroleum ether (40-60), filtered and dried under vacuum to 
give (2R, 57?)-and (2S, 3S) diphenyloxirane (I) 3.37 g (49.1%) as white crystals 
which were pure by NMR analysis.* M.p. 65 -  67°C. Lit M.p. 65 -  67°C.^
'H-NMR (500MHz, CDCI3): 8 ppm 3.86 (s, 2H, 2x CH), 7.32 -  7.37 (m, lOH, 2 x 
CeHs). "C  NMR (500MHz, CDCI3): 8 ppm 62.8, 125.5, 128.4, 128.6, 137.2. MS- 
CI: 197.1 [M + H+].
5.2.2 (2R, i5)-Diphenyloxirane
(2)
Into a stirred solution of w-CPBA (1.5 g, 8.7 mmol) in CHCI3 (15 ml) held at 0°C 
was added a mixture of Z-stilbene (1 g, 5.55 mmol) dissolved in CHCI3 (15 ml). The 
reaction mixture was stirred for 24 hours at room temperature and then filtered. The 
filtrate was washed with a saturated solution of NaHC03 (3 x 20 ml) and the organic
The phrase 'pure by NMR’ is taken to mean that any peaks that are not assignable to the 
main product have an intensity less than 5% of a one-hydrogen singlet assigned to the product, 
making due allowance for broadening or splitting.
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layer was separated. The organic extract was removed, dried with Na2S04 , filtered 
and evaporated under reduced pressure to yield a white solid. The solid was 
recrystallised from hot petroleum ether, filtered and dried under vacuum to give {2R, 
55)-diphenyloxirane (2) 0.57 g (52.3%) as white crystals which were pure by NMR 
analysis. M.p. 38-40°C . Lit M.p. 38 -  40°C.^
'H-NMR (500MHz, CDCI3): Ô ppm 4.35 (s, 2H, 2x CH), 7.12 -  7.15 (m, lOH, 2 x 
CôHs). ‘^ C NMR (500MHz, CDCI3): 8 ppm 59.7, 126.9, 127.5, 127.8, 134.4. MS- 
Cl: 197.1 [M + H+].
5.2.3 2-TosyIoxybenzladehyde
Into a cooled solution of DCM (320 ml) and 2-hydroxybenzaldehyde (21.2 g, 0.174 
mol) was placed 4-toluenesulphonyl chloride (38.2 g, 0.2 mol). Triethylamine (40 g, 
0.395 mol) in DCM (80 ml) was added slowly to the reaction mixture to ensure the 
temperatuie remained under 20°C. The mixture was stirred at room temperature for 
24 hours. The cloudy solution was poured into a separating funnel and washed three 
times with IM H C l  (aq) (200 ml), distilled water (100 ml), and brine (20 ml). The 
organic layer was removed, dried with Na2S04 , filtered and evaporated under 
reduced pressure to dryness. The cream solid was dissolved in an equal mixture of 
hot C H C I 3  ./ hexane. The solution was treated with activated charcoal, filtered and 
left overnight to recrystallise. The clear needles produced were dried under vacuum 
to give 2-tosyloxybenzladehyde (3) 46.31 g (96%) as clear needles which were pure 
by NMR analysis. M.p. 57 - 59°C. Lit M.p. 63 -  64 °C.^
'H-NMR (500MHz, CDCI3): 8 ppm 2.38 (s, 3H, -CH3-), 7.09 (d, J = 8.8Hz, IH Ar- 
H), 7.28 (d, J = 8.6Hz, 2H, Ar-H), 7.33 (t, J = 8.0Hz, IH, Ar-H), 7.51 (t, J = 8.7Hz, 
IH, Ar-H), 7.64 (d, J = 8.4Hz, 2H, Ar-H), 7.80 (d, J = 8.0Hz, IH, Ar-H), 9.98 (s, IH, 
0=C-H). '^C-NMR (500MHz, CDCI3): 21.52, 123.45, 127.39, 128.25, 128.42, 
129.08, 129.96, 131.02, 135.18, 146.21 150.93, 187.41.MS-CI: 277 [M + H^]. 
Found: (C = 60.61%; H = 4.16%. C14H 12O4S requires C = 60.86%, H = 4.38%).
191
Chapter Five -  Experimental
5.2.4 3-TosyIoxybenzladehyde
o—s
CH.
3-Hydroxybenzaldehyde (20 g, 0.164 mol) was added to a stirred solution of 4- 
toluenesulphonyl chloride (31.22 g, 0.164 mol) in pyridine (225 ml). After 36 hours 
the solvent was removed under reduced pressure to leave a cream solid. The solid 
was dissolved in CHCI3 (300 ml) and washed four times with 3M HCi (200 ml) and 
distilled water (200 ml). The organic layer was removed, dried with Na2S04 , filtered 
and evaporated under reduced pressure to dryness. The cream solid was dissolved in 
an equal mixture of hot CHCI3 / hexane. The solution was treated with activated 
charcoal, filtered and left overnight to recrystallise. The white solid produced was 
dried under vacuum to give 3-tosyloxybenzladehyde (3) 21.64 g (48%) as a white 
solid, which was pure by NMR analysis. Mp; 62 - 63”C, Lit M.p.: 63°C ^
'H-NMR (500MHz, CDCI3): 5 ppm 2.44 (s, 3H, -CH3), 7.27 (dd, J = 9.6Hz, IH, Ar- 
H), 7.33 (d, J = 8.0Hz, 2H, Ar-H), 7.47 (s, IH, Ar-H) 7.49 (d, J = 7.7Hz, IH, Ar-H), 
7.71 (d, J = 8.2Hz, 2H, Ar-H), 7.78 (d, J = 7.7Hz, IH, Ar-H), 9.92 (s, IH, -CH=0-). 
'^C-NMR (500MHz, CDCI3): Ô ppm 21,70, 122.43 128.33, 128.44, 129.97, 130.47, 
131.94, 137.87, 145.92, 150.15, 190.62^ FAB -  MS: 277 [M + H+]. Found: (C, 
60.82%, H, 4.27%. C 14H 12O4S requires C, 60.86%, H, 4.38).
5.2.5 4-TosyIoxybenzaldehyde
CH
(5)
Into a cooled solution of DCM (160 ml) and 4-hydroxybenzaldehyde (10.60 g, 0.86 
mol) was placed 4-toluenesulphonyl chloride (19.10 g, 0.10 mol). Triethy lamine (20
 ^One further peak, which is probably a quarternery not seen.
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g, 0.20 mol) in DCM (40 ml) was added slowly to the reaction mixture to ensure the 
temperature remained under 20°C. The mixture was stirred at room temperature for 
24 hours. The cloudy solution was poured into a separating funnel and washed three 
times with IM HCl (aq) (200 ml), distilled water (100 ml), and brine (20 ml). The 
organic layer was removed, dried with NazS04 , filtered and evaporated under 
reduced pressure to dryness. The cream solid was dissolved in an equal mixture of 
EtOAc / cyclohexane. The solution was treated with activated charcoal, filtered and 
left overnight to recrystallise. The white crystals produced were filtered and dried 
under vacuum to give 4-tosyloxybenzaldehyde (4) 17.63 g (74.2%) as white crystals 
which were pure by NMR analysis. Mp: 70 -  72°C, Lit Mp: 72 -  74°C.^
'H-NMR (500MHz, CDCI3): ô ppm 2.46 (s, 3H, -CH3), 7.19 (d, J = 8.4Hz, 2H, Ar- 
H), 7.33 (d, J = 8.2Hz, 2H, Ar-H), 7.72 (d, J = 8.1Hz, 2H, Ar-H), 7.83 (d, 8.4Hz, 2H, 
Ar-H), 9.97 (s, IH, -CH=0-). "*C-NMR (500MHz, CDCI3): 5 ppm 21.95, 123.28, 
128.67,130.21, 131.49, 132.24, 135.06, 146.17, 154.08, 190.89. FA B -M S: 277 [M 
+ H'’]. Found: (C, 60.52%, H, 4.48%. C14H 12O4S requires C, 60.86%, H, 4.38).
5.2.6 3,6-Diaminoacridine
To a tluee necked round bottomed flask fitted with a Dean-Stark condenser was 
placed 3-phenylenediamine (9 g, 83 mmol) dissolved in glycerol (30 g, 0.326 mol). 
Concentrated HCl (10 g, 0.274 mol) and formic acid (2.16 g, 47 mmol) was added to 
the mixture and the reaction was heated to 155°C with stirring. After the water was 
collected from the Dean-Stark trap, the reaction proceeded for a further 90 minutes 
with self-indicating silica gel added to the trap to ensure no more water was present. 
The reaction mixture was cooled to 100°C and diluted with water (300 ml) and 
poured slowly into a lOM NaOH solution (100 ml). The crude proflavine was 
filtered and washed free of alkali with water (pH7). The product was purified by 
dissolving in acetic acid and then adding alkali until pH7 to produce a brown solid 
which was recrystallised fi'om boiling absolute alcohol : water (0.6 : 4) with activated 
charcoal. The resultant yellow solid was hot filtered and dried under vacuum to give
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0.956 g (10%) of 3,6-diaminoacridine (6) as a dark yellow solid which was pure by 
NMR analysis. M.p: 270 - 272“C, Lit M.p: 284 - 286°C"
‘HNMR (500MHz, d6-DMSO) 5 ppm 5.85 (s, 4H, -N H ;-) 6.81 (s, 2H, Ar-H), 6.91 
(d, J = 10.7Hz, 2H, Ar-H), 7.68 (d, J = 8.9Hz, 2H, Ar-H), 8.36 (s, IH, Ar-H). 
"CNMR (500MHz, dô-DMSO) 8 ppm 103.02, 117.74, 118.31, 129.24, 134.44, 
150.27, 151.11. F A B -M S :210[M  + HT].
5.2.7 2~(4-NitrophenyI)-l,3-dioxolane
(7)
To a thi'ee necked round bottomed flask fitted with a Dean-Stark condenser was 
placed 4-nitrobenzaldehyde (11.05 g, 73 mmol) dissolved in toluene (500 ml). 
Ethylene glycol (22.60 g, 0.364 mol) and toluene sulfonic acid monohydrate (1.11 g,
5.85 mmol) was added to the mixture and the reaction was heated to 145°C with 
stirring. Over a period of 10 hours, water was removed from the Dean-Stark trap. 
The reaction proceeded for a further 12 hours in the presence of self-indicating silica 
gel to ensure no more was present. The solvent was evaporated under reduced 
pressure to dryness yielding a dull yellow solid. The solid was recrystallised from a 
mixture of hot hexane and EtOAc, dried under vacuum to give 9.92 g (69.6%) of 2- 
(4-nitrophenyl)-1,3 -dioxolane (7) as cream crystals, which were pure by NMR 
analysis. M.p: 86 - 88°C, Lit M.p: 90°C’
'H-NMR (500MHz, CDCI3): 8 ppm 4.06 -  4.13 (m, 4H, -CH2), 5.89 (s, IH, Ar-H), 
7.65 (d, J = 8.7Hz, 2H, Ar-H), 8.24 (d, J = 8.7Hz, 2H, Ar-H). '^C-NMR (500MHz, 
CDCI3): 8 ppm 65.48, 102.25, 111.07, 118.18, 123.59, 127.42.CI -  MS: 196 [M + 
H*]. Found: (C, 55.25%, H, 4.54% N, 6.91%. C9H9NO4 requires C, 55.39%, H, 
4.65%, N, 7.18%).
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5.3 Synthetic Preparation of Porphyrin Macrocycles 
5.3.1 5,10,15,20-Tetraphenyl-27iy^,23H-porphine
NH
HN
(H2TPP)
To a stirred, refluxing solution of benzaldehyde (3.70 g, 35.0 mmol) in propionic 
acid (250 ml) was added pyrrole (2.34 g, 35 mmol). The reaction proceeded for 30 
minutes, allowed to cool and placed in a fridge overnight at -15°C. Absolute alcohol 
(20 ml) was added to the reaction mixture and this was stirred for 12 hours at room 
temperature. The black reaction mixture was then filtered to yield the crude 
porphyrin as a dirty purple solid which was washed continuously with cold MeOH 
until the washing ran clear. The crude porphyrin was removed from the filter, placed 
into a conical flask and to this boiling MeOH (50 ml) was added. The hot MeOH 
solution with the un-dissolved porphyrin was heated for a couple of minutes and then 
hot filtered to leave a clean purple solid which was continuously washed with hot 
MeOH until the washing ran clear. The porphyrin was removed from the filter and 
dried under vacuum to give 5,10,15,20-tetrapheny 1-2777 2377-porphine (H2TPP) 1.03 
g (19.2%), as a purple solid which was pure by NMR analysis.
'H-NMR (500MHz, CDCI3): 5 ppm, -2.77 (2H, pyrrole NH), 7.72 -  7.77 (m, 12H, 
Ar-H), 8.21 (d, J = 7.8Hz, 8H, Ar-H), 8.84 (s, 8H, yS-pyrrole). "C-NMR (SOOMHz, 
CDCI3): 117.76,124.30, 125.32. 128.79, 132.18, 139.80. FA B -M S: 614 [Mt|.
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5.3.2 3-Tosyloxyphenyl Poprhyrins
R =
O S
Ph-OTs (4)
R ‘
IP  Ph-OTs 
2P Ph-OTs 
3P Ph-OTs 
4P Ph-OTs 
5P Ph-OTs
(IP -S P )
R2
Ph-H
Ph-H
Ph-OTs
Ph-OTs
Ph-OTs
R3
Ph-H
Ph-OTs
Ph-H
Ph-OTs
Ph-OTs
R4
Ph-H
Ph-H
Ph-H
Ph-H
Ph-OTs
To a stirred, refluxing solution of benzaldehyde (7.68 g, 72.5 mmol) and 3- 
tosyloxybenzaldehyde (20.0Ig, 72.5 mmol) dissolved in propionic acid (250 ml) was 
added pyrrole (9.72 g, 0.145 mol). The reaction proceeded for 30 minutes, allowed 
to cool and placed in a fridge overnight at -15°C. Absolute alcohol (60 ml) was 
added to the reaction mixture and this was stirred for 12 hours at room temperature. 
The black reaction mixture was then filtered to yield the crude porphyrin as a dirty 
purple solid which was washed continuously with cold MeOH until the washing ran 
clear. The crude porphyrin was removed from the filter, placed into a conical flask 
and to this boiling MeOH (100 ml) was added. The hot MeOH solution with the un­
dissolved porphyrin was heated for a couple of minutes and then hot filtered to leave 
a clean purple solid which was continuously washed with hot MeOH until the 
washing ran clear. The porphyrin was then air dried, followed by purification using 
column chromatography with basic alumina (300 g) as adsorbent and toluene as 
eluent which afforded the following compounds (H2TPP, IP -  5P)  ^ which separated 
by order of size and polarity, with H%TPP being the first removed from the column. 
The first fraction collected was evaporated to dryness under reduced pressure, 
washed using hot MeOH and filtered. The solid was dried under vacuum to give 
H2TPP 0.28 g (1.25%) as a purple solid which was pure by NMR analysis.
 ^0.35% of 5P was yielded from this reaction, thus 5P was synthesised using a 1:1 reaction between 
pyrrole and 3-tosyloxybenzaldehdye.
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5-(3-Tosyloxyphenyl)-10,15,20“triphenyl-2iff,2i/f-porphine (IF)
The second fraction collected was evaporated to dryness under reduced pressure, 
washed using hot MeOH and filetered. The solid was filtered and dried under 
vacuum to give 5-(3“tosyloxyphenyl)-l0,15,20-triphenyl-27f/,2i//-porphine (IP) 
0.51 g, (1.79%) as a purple solid which was pure by NMR analysis.
'H-NMR (SOOMHz, CDCI3): 5 ppm -2.85 (s, 2H, pyrrole NH), 2.28 (s, 3H, CH3),
7.28 (d, J = 8.1Hz, 2H, Ar-H), 7.61 -  7.68 (m, 3H, Ar-H), 7.70 -  7.80 (m, 9H, Ar-H), 
7.86 (d, J = 8.1Hz, 2H, Ar-H), 8.08 (d, J = 7.4Hz, IH, Ar-H), 8.20 (s, 6H, Ar-H), 
8.58 (d, J = 4.4Hz, 2H, y^-pyrrole), 8.80 (d, J = 4.5Hz, 2H, y^-pyrrole) 8.84 (s, 4H, p- 
pyrrole). ‘^ C-NMR (500MHz, dô-DMSO): 21.0, 117.57, 120.15, 120.40, 122,24, 
126.99, 127.65, 128.13, 128.59, 130.48, 131.01, 131.55, 133.23, 134.17, 141.08, 
142.76, 145.84, 147.60. FAB -  MS: 785 [M + H"^ ].
5.15-Bis-(3-tosyloxyphenyI)-10,20-diphenyI-2i/f,25ff-porphme (2P)
The third fraction collected was evaporated to dryness under reduced pressure, 
washed using hot MeOH and filtered. The solid was dried under vacuum to give
5.15-bis-(3-tosyloxyphenyl)-10,20-diphenyl-2777,2 j/7-porphine (2P) 0.86 g, (2.48%) 
as a purple solid which was pure by NMR analysis.
'H-NMR (SOOMHz, CDCI3): 8 ppm -2.92 (s, 2H, pyrrole NH), 2.26 (s, 6H, CH3),
7.28 (d, J = 7.5Hz, 4H, Ar-H), 7.59 (d, J = 7.0Hz, 2H, Ar-H), 7.67 -  7.71 (m, 4H, Ar­
il), 7.74 -  7.81 (m, 6H, Ar-H) 7.86 (d, J = 7.0Hz, 4H, Ar-H), 8.07 (t, J = 8.3Hz, 2H, 
Ar-H), 8.18 (d, J = 7.5Hz, 4H, Ar-H), 8.58 (d, J = 4.5Hz, 4H, ^-pyrrole), 8.81 (d, J = 
4.5Hz, 4H,)g-pyrrole). ^^C-NMR (500MHz, CDCI3): 21.63, 118.12, 120.52, 122.26, 
126.80, 127.07, 127.90, 127.92, 128.26, 128.71, 130.02, 132.38, 133.27, 134.47, 
141.89, 143.64, 145.50, 148.23. FA B -M S: 956 [M + H^].
5.10-Bis-(3-tosyIoxyphenyI)-15,20-diphenyl-27/T,25iT-porphme (3P)
The fourth fraction collected was evaporated to dryness under reduced pressure, 
washed using hot MeOH and filtered. The solid was dried under vacuum to give
5.10-bis-(3-tosyloxyphenyl)-15,20-diphenyl-2iF/,25i/-porphine (3P) 0.78 g, (2.25%) 
as a purple solid which was pure by NMR analysis.
'H-NMR (SOOMHz, CDCI3): 5 ppm -2.89 (s, 2H, pyrrole NH), 2.24 (s, 6H, Cflb), 
7.26 (d, J = 8.5Hz, 4H, Ar-H), 7.S6 (d, J = 8.0Hz, 2H, Ar-H), 7.6S -  7.68 (m, 4H, Ar­
il), 7.71 -  7.76 (m, 6H, Ar-H) 7.85 (d, J = 8.0Hz, 4H, Ar-H), 8.07 (t, J = 6Hz, 2H,
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Ar-H), 8.18 (d, J = 7.0Hz, 4H, Ar-H), 8.59 (d, J = 4.5Hz, 2H, ^-pyrrole), 8.62 (d, J = 
4.0Hz, 2H, ^-pyrrole), 8.82 (d, J = 4.5Hz, 2H, y^-pyrrole), 8.85 (s, 2H, /^-pyrrole). 
'^C-NMR (500MHz, CDCI3); 21.68, 117.93, 120.88, 122.26, 126.83, 127.10, 127.97, 
128.32, 128.72, 129.34, 129.65, 130.07, 131.50, 132.43, 133.29, 134.56, 141.95, 
143.70, 145.56, 145.63, 148.30. F A B -M S : 956 [M + H*].
5.10.15-Tris-(3-tosyloxyphenyl)-20-phenyl-2ifl',2i7f-porphine (4P)
The fifth fraction collected was evaporated to dryness under reduced pressure, 
washed using hot MeOH and filtered. The solid was dried under vacuum to give
5.10.15-tris-(3-tosyloxyphenyl)-20-phenyl-2777,2i//-porphine (4P) 0,11 g (0.27%) 
as a purple solid which was pure by NMR analysis.
'H-NMR (500MHz, CDCI3); S ppm -2.90 (s, 2H, pyrrole NH), 2.43 (s, 9H, CHj),
7.33 -  7.38 (d, 6H, Ar-H), 7.61 (s, 3H, Ar-H), 7.71 -  7.85 (9H, Ar-H), 7.90 -  7.88 (d, 
6H, Ar-H), 8.07 -  8.11 (d, 3H, Ar-H), 8.20 -  8.21 (d, 2H, Ar-H), 8.61 (s, 6H, ,9- 
pyrrole), 8.82 -  8.82 (d, 2H, ,8-pyrrole). '^C-NMR (500MHz, CDCI3); 122.26,
126.78, 127.90, 128.25, 128.65, 130.00, 132.83, 133.20, 133.32, 134.06, 134.41, 
134.61, 143.45, 148.19. FAB -  MS: 1125 [M^]. Found: (C, 69.44%, H, 4.46% N, 
4.53%. C6sH4gN409S3 requires C, 69.38%, H, 4.30% N, 4.98%).
5,10,15,20-Tetralds-(3-tosyloxyphenyl)-2777,2J//-porphine (5P)
To a stirred, refluxing solution of 3-tosyloxybenzaidehyde (9.64 g, 35 mmol) 
dissolved in boiling propionic acid (100 ml) was added pyrrole (2.34 g, 35 mmol). 
The reaction proceeded for 30 minutes, allowed to cool and placed in a fridge 
overnight at -15°C. Absolute alcohol (25 ml) was added to the reaction mixture and 
this was stirred for 12 hours at room temperature. The black reaction mixture was 
then filtered to yield the crude porphyrin as a dirty purple solid which was washed 
continuously with cold MeOH until the washing ran clear. The crude porphyrin was 
removed from the filter, placed into a conical flask and to this boiling MeOH (50 ml) 
was added. The hot MeOH solution with the un-dissolved porphyrin was heated for 
a couple of minutes and then hot filtered to leave a clean purple solid which was 
continuously washed with hot MeOH until the washing ran clear. This was then 
removed from the filter and dried under vacuum to give 5,10,15,20-tetrakis-(3 - 
tosyloxyphenyl)-27/-/,237/-porphine (5P) 1.32 g (11.6%), as a purple solid which was 
pure by NMR analysis.
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'H-NMR (400MHz, CDCI3): S ppm, -3.03 (s, 2H, pyrrole NH), 2.39 (s, 12H, CH3),
7.34 (d, J = 7.9Hz, 8H, Ar-H ), 7.59 (d, J = 6.4Hz, 4H, Ar-H), 7.72 -  7.81 (m, 8H, 
Ar-H), 7.91 (d, J = 7.9Hz, 8H, Ar-H), 8.07 (m, 4H, Ar-H) 8.65 (s, BIT, ^-pyrrole). 
'^C-NMR (400MHz, CDCI3): 21.65, 118.44, 122.24, 127.92, 128.27, 128.62, 130.00,
132.34, 133.18, 143.32, 145.60, 148.19. F A B -M S ; 1296 [M 4-H+].
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5.3.3 4-TosyloxyphenyI Porphyrins
R = Q P
Ph-OTs (5)
W R2 R3 R4
6P Ph-OTs Ph-H Ph-H Ph-H
7P Ph-OTs Ph-H Ph-OTs Ph-H
8P Ph-OTs Ph-OTs Ph-H Ph-H
9P Ph-OTs Ph-OTs Ph-OTs Ph-H
lOP Ph-OTs Ph-OTs Ph-OTs Ph-OTs
(6P -  lOP)
To a stirred, refluxing solution of benzaldehyde (7.68 g, 72.5 mmol) and 4- 
tosyloxybenzaldehyde (20.01 g, 72.5 mmol) dissolved in propionic acid (250 ml) 
was added pyrrole (9.72 g, 0.145 mol). The reaction proceeded for 30 minutes, 
allowed to cool and placed in a fridge overnight at -15°C. Absolute alcohol (60 ml) 
was added to the reaction mixture and this was stirred for 12 hours at room 
temperature. The black reaction mixture was then filtered to yield the crude 
porphyrin as a dirty purple solid which was washed continuously with cold MeOH 
until the washing ran clear. The crude porphyrin was removed from the filter, placed 
into a conical flask and to this boiling MeOH (100 ml) was added. The hot MeOH 
solution with the un-dissolved porphyrin was heated for a couple of minutes and then 
hot filtered to leave a clean purple solid which was continuously washed with hot 
MeOH until the washing ran clear. The porphyrin was then air dried followed by 
purification using column chromatography with basic alumina (300 g) as adsorbent 
and toluene as eluent which afforded the following compounds (H2TPP, 6P -  lOP) 
which separated by order of size and polarity, with H%TPP being the first removed 
from the column. The first fraction collected was evaporated to dryness under 
reduced pressure, washed using hot MeOH and filtered. The solid was dried under 
vacuum to give H%TPP 0.15 g (0.67%) as a purple solid which was pure by NMR 
analysis.
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5-(4-Tosyloxyphenyl)-10,15,20-triphenyl-2ijfif,2i/f-porphine (6P)
The second fraction collected was evaporated to dryness under reduced pressure, 
washed using hot MeOH and filtered. The solid was dried under vacuum to give 5- 
(4-tosyloxyphenyl)-10,15,20-triphenyl-27i7,22//-porphine (6P) 0.47 g, (1.65%) as a 
purple solid which was pure by NMR analysis.
'H-NMR (SOOMHz, CDCI3): 5 ppm -2.84 (s, 2H, pyrrole NH), 2.51 (s, 3H, CH3),
7.38 (d, J = 8.4Hz, 2H, Ar-H), 7.46 (d, J = 8.2Hz, 2H, Ar-H), 7.74 -  7.80 (9H, Ar-H),
7.96 (d, J = 8.3Hz, 2H, Ar-H), 8.12 (d, J = 8.4Hz, 2H, Ar-H), 8.21 (d, J = 6.5Hz, 6H, 
Ai-H), 8.78 (d, J = 4.6Hz, 2H, ,0-pyrrole), 8.84 (s, 6H, /9-pyrrole). '^C-NMR 
(SOOMHz, CDCI3): 21.84, 118.12, 120.3S, 120.67, 126.74, 127.81, 128.78 129.95, 
134.56, 135.40, 141.20, 142.05, 145.68, 149.58. FA B -M S: 784 [M''].
5.15-Bis(4-tosyloxyphenyl)-10,20-diphenyl-2i/7,2i/7-porphine (7P)
The third fraction collected was evaporated to dryness under reduced pressure, 
washed using hot MeOH and filtered. The solid was dried under vacuum to give
5.15-bis-(4-tosyloxyphenyl)-10,20-diphenyl-2///,25//-porphine (7P) 0.81 g, (2.34%) 
as a purple solid which was pure by NMR analysis.
'H-NMR (SOOMHz, CDCI3): 8 ppm -2.84 (s, 2H, pyrrole NH), 2.51 (s, 6H, CH3),
7.39 (d, J = 7.8Hz. 4H, Ar-H), 7.46 (d, J = 7.6Hz, 4H, Ar-H), 7.73 -  7.78 (6H, Ar-H),
7.97 (d, J = 7.8Hz, 4H, Ar-H), 8.11 (d, J = 7.9Hz, 4H, Ar-H), 8.19 (d, J = 7.0Hz, 4H, 
Ar-H), 8.72 (d, J = 3.9Hz, 4H, ,8-pyrrole), 8.84 (d, J = 4.3Hz, 4H, /9-pyrrole). '^C- 
NMR (500MHz, CDCI3): 20.80, 119.67, 125.72, 126.84, 127.72, 128.92, 133.49,
134.35, 139.99, 140.88, 144.66, 148.57. FAB -  MS: 956 [M + H+].
5.10-Bis-(4-tosyloxyphenyl)-15,20-diphenyl-2ii/,2J/T-porphine (8P)
The fourth fraction collected was evaporated to dryness under reduced pressure, 
washed using hot MeOH and filtered. The solid was dried under vacuum to give
5.10-bis-(4-tosyloxyphenyl)-15,20-diphenyl-2i//,2J//-porphine (8P) 0.78 g, (2.25%) 
as a purple solid which was pure by NMR analysis.
'H-NMR (SOOMHz, CDCI3): 8 ppm -2.84 (s, 2H, pyrrole NH), 2.51 (s, 6H, CH3),
7.39 (d, J = 8.1Hz, 4H, Ar-H), 7.46 (d, J = 7.9Hz, 4H, Ar-H), 7.73 -  7.78 (6H, Ar-H),
7.97 (d, J = 8.0Hz, 4H, Ar-H), 8.11 (d, J = 8.1Hz, 4H, Ar-H), 8.19 (d, J = 6 .8Hz, 4H, 
Ar-H), 8.71 (d, J = 4.1Hz, 4H, ^-pyrrole), 8.84 (d, J = 4.6Hz, 4H, /8-pyrrole). '"C-
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NMR (SOOMHz, CDCI3): 21.60, 120.49, 126.01, 126.95, 127.59, 128.69, 134.21,
134.78, 141.20, 142.64, 144.80, 140.21. F A B -M S : 956 [M + H'"].
5.10.15-Tris~(4-tosyloxyphenyl)-20-phenyl-2i,f7,2Jiir“porphine (9P)
The fifth fraction collected was evaporated to dryness under reduced pressure, 
washed using hot MeOH and filtered. The solid was dried under vacuum to give
5.10.15-tris-(4-tosyloxyphenyl)-20-phenyl-27//,23//-porphine (9P) 0.11 g (0.26%) 
as a purple solid which was pure by NMR analysis.
'H-NMR (500MHz, CDCI3): 8 ppm -2.88 (s, 2H, pyrrole NH), 2.52 (s, 9H, CH3),
7.40 (d, J = 8.4Hz, 6H, Ar-H), 7.47 (d, J = 8.1Hz, 6H, Ar-H), 7.76 -  7.78 (m, 3H, Ar­
il), 7.97 (d, J = 8.2Hz, 6H, Ar-H), 8.11 (d, J = 8.3Hz, 6H, Ar-H), 8.18 (d, J = 6.7Hz,
2H, Ar-H), 8.74 (s, 6H, /5-pyrrole), 8.86 (d, J = 4.5Hz, 2H, /9-pyrrole). '^C-NMR 
(SOOMHz, CDCI3): 22.1, 118.9, 121.0, 127.0, 128.9, 130.2, 134.7, 135.6, 141.1,
146.0, 149.8. FA B -M S: 1125 [M''].
5,10,15,20-TetrakiS“(4-tosyloxyphenyI)-27dfir,2ijfif-porphine (lOP)
To a stirred, refluxing solution of 3-tosyloxybenzaldehyde (20 g, 72 mmol) dissolved 
in boiling propionic acid (250 ml) was added pyrrole (4.86 g, 72 mmol). The 
reaction proceeded for 30 minutes, allowed to cool and placed in a fridge overnight 
at -15°C. Absolute alcohol (50 ml) was added to the reaction mixture and this was 
stirred for 12 hours at room temperature. The black reaction mixture was then 
filtered to yield the crude porphyrin as a dirty purple solid which was washed 
continuously with cold MeOH until the washing ran clear. The crude porphyrin was 
removed from the filter, placed into a conical flask and to this boiling MeOH (50 ml) 
was added. The hot MeOH solution with the un-dissolved porphyrin was heated for 
a couple of minutes and then hot filtered to leave a clean purple solid which was 
continuously washed with hot MeOH until the washing ran clear. This was then 
removed from the filter and dried under vacuum to give 5,10,15,20-tetrakis-(4- 
tosyloxyphenyl)-27//,2377-porphine (lOP) 3.30 g (14.2%), as a purple solid which I
was pure by NMR analysis. I
'H-NMR (500MHz, CDCI3): 8 ppm, -2.89 (s, 2H, pyrrole NH), 2.55 (s, 12H, CH3)
7.43 (d, J = 8.4Hz, 8H, Ar-H), 7.50 (d, J = 8.2Hz, 8H, Ar-H), 8.00 (d, J = 8.3Hz, 8H,
Ar-H), 8.12 (d, J -  8.4Hz, 8H, Ar-H) 8.76 (s, 8H, /9-pyrrole). '^C-NMR (500MHz,
CDCI3): 22.0, 117,8, 118.1, 120.8, 128.7, 130.0, 135.4. FA B -M S: 1295 [M+].
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5.3.4 3-Hydroxyphenyl Porphyrins
NH N ^
R
Ph-OH
r 2 Ri R2 R3 R4
IIP Ph-OH Ph-H Ph-H Ph-H
12P Ph-OH Ph-H Ph-OH Ph-H
13P Ph-OH Ph-OH Ph-H Ph-H
14P Ph-OH Ph-OH Ph-OH Ph-H
15P Ph-OH Ph-OH Ph-OH Ph-OH
(11P -15P )  
3-(5-Hydroxyphenyl)-10,15,20-triphenyI-2ijy',2i^-porphine (IIP)
To a stirred solution of IP  (0.3 g, 0.38 mmol) in absolute alcohol (43 ml) and DMF 
(22 ml) was added KOH pellets (1 g). The reaction mixture was stirred at 80°C for 2 
hours. Additional KOH pellets (1 g) were added again to the reaction which 
proceeded for a further 2 hours at 60°C. After cooling, the reaction mixture was 
transferred to a separating funnel which contained distilled water (37 ml), 3M HCl 
(73 ml) and brine (10 ml). To this CHCI3 (100 ml) was added and with vigorous 
shaking the porphyrin was extracted into the organic layer which was further washed 
with distilled water (3 x 50 ml). The organic layer was removed, dried with Na2S04 , 
filtered and evaporated under reduced pressure to yield a purple solid. 
Cliromatography and elution with CHCI3 : acetone (14 ; 1) on silica (50 g) yielded 
two porphyrins (IP  andllP). The first fraction was washed using hot MeOH, 
filtered and the solid dried under vacuum to give IP, 57 mg (19.1%) as a purple solid 
which was pure by NMR analysis. The second fraction was washed using cold 
diethyl ether, filtered and the solid dried under vacuum to give 5-(3 -hydroxyphenyl)-
10,15,20-triphenyl-2ii/,2Ji/-porphine (IIP ) 0.19 g (79.4%) as a purple solid which 
was pure by NMR analysis.
'H-NMR (SOOMHz, dô-DMSO); 5 ppm -2.91 (s, 2H, pyrrole NH), 7.24 (d, J = 8Hz, 
IH, Ar-H), 7.56 -  7.64 (ni, 3H, Ar-H), 7.80 -  7.84 (m, 9H, Ar-H), 8.21 (br s, 6H, Ar- 
H) 8.82 (s, 6H, d, ,3-pyrrole) 8.91 (br s, 2H, ,8-pyrrole), 9.90 (s, IH, OH). '■’C-NMR 
(SOOMHz, dô-DMSO): 115.83, 120.68, 120.78, 122.58, 126.51, 127.70, 128.55,
128.78, 132.10, 134.94, 141.92, 143.07, 156.50. FAB -  MS: 630 [M*]. Found: (C, 
83.52%, H, 4.45% N, 8.80%. C44H30N4O requires C, 83.79%, H, 4.79% N, 8.88%).
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5,15~Bis-(3-hydroxyphenyl)-10,20-diphenyl-2i,fr,2iJT-porphine (12P)
To a stirred solution of 2P (O.lg, 0.105 mmol) in absolute alcohol (12 ml) and DMF 
(6 ml) was added KOH pellets (0.6 g). The reaction was stirred at 80°C for 2 hours. 
Additional KOH pellets (0.6 g) were added again to the reaction mixture which 
proceeded for a further 2 hours at 60°C. After cooling, the reaction mixture was 
poured into distilled water (20 ml), treated with 3M HCl (12 ml) and brine (10 ml) 
and extracted into CHCI3 (30 ml). The organic layer was washed with distilled water 
(3 X 20 ml). The organic layer was removed, dried with Na2S04 , filtered and 
evaporated under reduced pressure to yield a purple solid. Chromatography and 
elution with CHCI3 : acetone (14 : 1) on silica (50 g) yielded two porphyrins (2P and 
12P). The first fraction was washed with hot MeOH, filtered and the solid dried 
under vacuum to give 2P, 20 mg (20%) as a purple solid which was pure by NMR 
analysis. The second fraction was washed using cold diethyl ether, filtered and the 
solid dried under vacuum to give 5,15-bis-(3-hydroxyphenyl)-10,20-diphenyl- 
277f,2J//-porphine (12P) 45 mg (66%) as a purple solid which was pure by NMR 
analysis.
'H-NMR (SOOMHz, de-DMSO): 8 ppm -2.93 (s, 2H, pyrrole NH), 7.24 (d, J = 
7.0Hz, 2H, Ar-H), 7.57-7.63 (m, 6H, Ar-H), 7.82-7.83 (m, 6H, Ar-H), 8.22 (d, J = 
7.0Hz, 4H, Ar-H), 8.82 (br d, 4H, d, /^-pyrrole) 8.90 (br d, 4H, /7-pyrrole), 9.89 (s, 
2H, OH). "’C-NMR (500MHz, dô-DMSO): 115.09, 119.89, 119.99, 121.83, 125.77,
127.00, 127.83, 128.06,134.22,141.21, 142.31, 155.76. F A B -M S : 646 [M"'].
5,10-Bis-(3-hydroxyphenyl)-15,20-diphenyl-2i//,25/r-porphine (13P)
To a stirred solution of 3P (O.lg, 0.105 mmol) in absolute alcohol (12 ml) and DMF 
(6 ml) was added KOH pellets (0.6 g). The reaction was stirred at 80°C for 2 hours. 
Additional KOH pellets (0.6 g) were added again to the reaction mixture which 
proceeded for a further 2 hours at 60°C. After cooling, the reaction mixture was 
poured into distilled water (20 ml), treated with 3M HCl (12 ml) and brine (10 ml) 
and extracted into CHCI3 (30 ml). The organic layer was washed with distilled water 
(3 X 20 ml). The organic layer was removed, dried with Na2S04 , filtered and 
evaporated under reduced pressure to yield a purple solid. Chi'omatography and 
elution with CHCI3 : acetone (14 : 1) on silica (50 g) yielded two porphyrins (3P and 
13P). The first fraction was washed with hot MeOFI, filtered and the solid dried 
under vacuum to give 3P, 23 mg (23%) as a purple solid which was pure by NMR
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analysis. The second fraction was washed using cold diethyl ether, filtered and the 
solid dried under vacuum to give 5,10-bis-(3-hydroxyphenyl)-l 5,20-diphenyl- 
27//,2i//-porphine (13P) 41 mg (60.4%) as a purple solid which was pure by NMR 
analysis.
'H-NMR (500MHz, dô-DMSO): 6 ppm -2.91 (s, 2H, pyrrole NH), 7.26 (d, J = 7.5Hz, 
2H, Ar-H), 7.59-7.63 (m, 6H, Ar-H), 7.83-7.84 (m, 6H, Ai-H), 8.23 (d, J = 7.5Hz, 
4H, Ar-H), 8.83 (s, 4H, ,8-pyrrole) 8.93 (s, 4H, ,8-pyrrole), 9.91 (s, 2H, OH). '^C- 
NMR (SOOMHz, dô-DMSO): 119.90, 119.97, 121.83, 121.83, 125.78, 127.05, 
127.83, 127.93, 128.03, 134.01, 1.34.13, 134.22, 141.21, 142.36, 155.76. FAB -  
MS: 646 [M+].
5,10,15-Tris-(3-hydroxyphenyl)-20-phenyl"2i//,2JH-porphine (14P)
To a stirred solution of 4P (O.lg, 0.089 mmol) in absolute alcohol (12 ml) and DMF 
(6 ml) was added KOH pellets (0.9 g). The reaction was stirred at 80°C for 2 hours. 
Additional KOH pellets (0.9 g) were added again to the reaction mixture which 
proceeded for a further 2 hours at 60°C. After cooling, the reaction mixture was 
poured into distilled water (20 ml), treated with 3M HCl (12 ml) and brine (10 ml) 
and extracted into CHCI3 (30 ml). The organic layer was washed with distilled water 
(3 X 20 ml). The organic layer was removed, dried with Na2S04 , filtered and 
evaporated under reduced pressure to yield a purple solid. Chromatography and 
elution with CHCI3 : acetone (14 : 1) on silica (50 g) yielded two porphyrins (4P and 
14P). The first fraction was washed using hot MeOH and dried under vacuum to 
give 4P, 22 mg (22%) as a purple solid which was pure by NMR analysis. The 
second fraction was washed using hot CHCI3, filtered and the solid dried under 
vacuum to give 5,10,15-tris-(3-hydroxyphenyl)-20-phenyl-27/^25/f~porphine (14P) 
41 mg (69.6%) as a purple solid which was pure by NMR analysis.
'H-NMR (500MHz, dô-DMSO): 5 ppm -2.91 (s, 2H, pyrrole NH), 7.28 (d, J = 8.0Hz, 
3H, Ar-H), 7.61 -  7.66 (m, 9H, Ar-H), 7.86 (s, 3H, Ar-H), 8.85 (br d, 2H, Ar-H),
8.85 (br d, 2H, 8^-pyrrole), 8.94 (s, 6H, /?-pyrrole), 9.93 (s, 3H, OH). '^C-NMR 
(500MHz, dô-DMSO): 8 ppm, 115.09, 119.93, 121.84, 125.78, 126.99, 127.84, 
128.05, 128.75, 129.00, 134.21, 141.24, 142.39, 155.77. FA B -M S: 663 [M -t- H*].
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5.10.15.20-Tetrakis-(3-hydroxyphenyl)-2ijfiT,2J^-porphine (15P)
To a stirred solution of 5P (0.1 g, 0.077 mmol) in absolute alcohol (12 ml) and DMF 
(6 ml) was added KOH pellets (1.2 g). The reaction was stirred at 80°C for 2 hours. 
Additional KOH pellets (1.2 g) were added again to the reaction mixture which 
proceeded for a further 2 hours at 60°C. After cooling, the reaction mixture was 
poured into distilled water (20 ml), treated with 3M HCl (12 ml) and brine (10 ml) 
and extracted into CHCI3 (30 ml). The organic layer was washed with distilled water 
(3 X 20 ml). The organic layer was removed, dried with Na2S04 , filtered and 
evaporated under reduced pressure to yield a purple solid. Chromatography and 
elution with CFICI3 ; acetone (14 : 1) on silica (50 g) yielded two porphyrins (5P and 
15P). The first fraction was washed using hot MeOH and dried under vacuum to 
give 5P, 11 mg (11%) as a purple solid which was pure by NMR analysis. The 
second fraction was washed using hot chloroform and dried under vacuum to give
5.10.15.20-tetrakis-(3-hydroxyphenyl)-27772j/T-porphine (15P) 36 mg (69.2%) as a 
purple solid which was pure by NMR analysis.
' H-NMR (500MHz, dô-DMSO): 8 ppm, -2.93 (s, 2H, pyrrole NH), 7.27 (d, J = 
7.9Hz, 4H, Ar-H), 7.59 -  7.64 (m, 12H, Ar-H), 8.92 (s, 8H, ,8-pyrrole), 9.94 (s, 4H, 
OH). "C-NMR (500MHz, de-DMSO): 8 ppm, 115.81, 120.60, 122.58, 126.49,
128.54, 131.99, 143.12, 156.52, 163.01. FA B -M S: 678 [M^].
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5.3.5 4-HydroxyphenyI Porphyrin
NH
HN
R =  — K ' ^ O H
Ai-OH
r2 R‘ R2 R3 R^
16P Ph-OH Ph-H Ph-H Ph-H
17P Ph-OH Ph-H Ph-OH Ph-H
18P Ph-OH Ph-OH Ph-H Ph-H
19P Ph-OH Ph-OH Ph-OH Ph-H
20P Ph-OH Ph-OH Ph-OH Ph-OH
(16P -20P ) 
5-(4-Hydroxyphenyl)-10,15,20-triphenyl-2ijy,2i£r-porphine (16P)
To a stirred solution of 6P (0.1 g, 0.13 mmol) in absolute alcohol (12 ml) and DMF 
(6 ml) was added KOH pellets (0.3 g). The reaction mixture was stirred at 80°C for 2 
hours. Additional KOH pellets (0.3 g) were added again to the reaction which 
proceeded for a further 2 hours at 60°C. After cooling, the reaction mixture was 
transferred to a separating funnel which contained distilled water (20 ml), 3M HCl 
(12 ml) and brine (10 ml). To this CHCI3 (30 ml) was added and with vigorous 
shaking the porphyrin was extracted into the organic layer which was further washed 
with distilled water (3 x 20 ml). The organic layer was removed, dried with Na2S04 , 
filtered and evaporated under reduced pressure to yield a purple solid. 
Chromatography and elution with CHCI3 : acetone (1 4 :1 )  on silica (50 g) yielded 
two porphyrins (6P and 16P). The first fraction was washed using hot MeOH, 
filtered and the solid dried under vacuum to give 6P, 41 mg (41.2%) as a purple solid 
which was pure by NMR analysis. The second fraction was washed using cold 
diethyl either, filtered and the solid dried under vacuum to give 5-(4- 
hydroxyphenyl),10,15,20-triphenyl-2i//,25//-porphine (16P) 45 mg (56.2%) as a 
purple solid which was pure by NMR analysis.
'H-NMR (SOOMHz, de-DMSO): 8 ppm -2.85 (s, 2H, pyrrole NH), 7.20 (d, J = 
8.5Hz, 2H, Ar-H), 7.81-7.83 (m, 9H, Ar-H), 8.00 (d, J = 8.5Hz, 2H, Ar-H), 8.21 (d, J 
= 9.5Hz, 6H, At-H), 8.81 (br s, 6H, ^-pyrrole) 8.92 (br s, 2H, y^-pyrrole), 9.90 (s, IH, 
OH). '^C-NMR (SOOMHz, ds-DMSG): 8 ppm, 113.95, 119.67, 119.89, 120.71,
127.01, 128.07, 131.71, 134.23, 135.56, 141.27, 157.48. FAB -  MS; 630 [M*].
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Found: (C, 83.68%, H, 4.48% N, 8.84%. C44H30N4O requires C, 83.79%, H, 4.79% 
N, 8 .88%).
5,15-Bis-(4-hydroxyphenyI)-10,20-diphenyI-2i/T,2iiT-porphine (17P)
To a stirred solution of 7P (O.lg, 0.105 mmol) in absolute alcohol (12 ml) and DMF 
(6 ml) was added KOH pellets (0,6 g). The reaction was stirred at 80°C for 2 hours. 
Additional KOH pellets (0.6 g) were added again to the reaction mixture which 
proceeded for a flirther 2 hours at 60°C. After cooling, the reaction mixture was 
poured into distilled water (20 ml), treated with 3M HCl (12 ml) and brine (10 ml) 
and extracted into CHCI3 (30 ml). The organic layer was washed with distilled water 
(3 X 20 ml). The organic layer was removed, dried with N 8 2 8 0 4 , filtered and 
evaporated under reduced pressure to yield a purple solid. Chromatography and 
elution with CHCI3 : acetone (14 : 1) on silica (50 g) yielded two porphyrins (7P and 
17P). The first fraction was washed with hot MeOH, filtered and the solid dried 
under vacuum to give 7P, 30 mg (30.0%) as a purple solid which was pure by NMR 
analysis. The second fraction was washed using cold diethyl ether, filtered and the 
solid dried under vacuum to give 5,15-bis-(4-hydroxyphenyl)-l0,20-diphenyl- 
27//,2i//-porphine (17P) 46 mg (67.8%) as a purple solid which was pure by NMR 
analysis.
'H-NMR (SOOMHz, dô-DMSO): 8 ppm -2.91 (s, 2H, pyrrole NH), 7.20 (d, J = 8.0Hz, 
4H, Ar-H), 7.82 -  7.83 (m, 6H, Ar-H), 8.00 (d, J = 8.5Hz, 4H, Ar-H), 8.21 (d, J = 
9Hz, 4H, Ar-H), 8.80 (d, J = 4.0Hz, 4H, y5-pyrrole), 8.8 (d, J = 4.5Hz, 4H, ^^-pyrrole),
9.96 (s, 2H, OH). '^C-NMR (SOOMHz, de-DMSO): 8 ppm, 115.81, 120.60, 122.58, 
126.49,128.54, 131.99, 143.12, 156.52, 163.01. FA B -M S: 646 [M^.
5,10-Bis-(4-hydroxyphenyI)-15,20-diphenyl-27^2Jj8'-porphme (ISP)
To a stirred solution of 8P (O.lg, 0.105 mmol) in absolute alcohol (12 ml) and DMF 
(6 ml) was added KOH pellets (0.6 g). The reaction was stirred at 80°C for 2 hours. 
Additional KOH pellets (0.6 g) were added again to the reaction mixture which 
proceeded for a further 2 hours at 60°C. After cooling, the reaction mixture was 
poured into distilled water (20 ml), treated with 3M HCl (12 ml) and brine (10 ml) 
and extracted into CHCI3 (30 ml) The organic layer was washed with distilled water 
(3 X 20 ml). The organic layer was removed, dried with Na2S04 , filtered and 
evaporated under reduced pressure to yield a purple solid. Cliromatography and
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elution with CHCI3 : acetone (14 : 1) on silica (50 g) yielded two porphyrins (8P and 
18P). The first fraction was washed using hot MeOH, filtered and dried under 
vacuum to give 8P, 36 mg (36%) as a purple solid which was pure by NMR analysis. 
The second fraction was washed using cold diethyl ether, filtered and the solid dried 
under vacuum to give 5,10-bis-(4-hydroxyphenyl)-15,20-diphenyl-27//,2i//- 
porphine (18P) 42 mg (61.9%) as a purple solid which was pure by NMR analysis. 
'H-NMR (SOOMHz, dô-DMSO): 8 ppm -2.90 (s, 2H, pyrrole NH), 7.20 (d, J = 8.5Hz, 
4H, Ar-H), 7.81 -  7.84 (m, 6H, Ai-H), 8.01 (d, J = 8.5Hz, 4H, Ar-H), 8.20 (d, J = 
9.0Hz, 4H, Ar-H), 8.80 (s, 4H, y^-pyrrole), 8.89 (s, 4H, ^-pyrrole), 9.96 (s, 2H, OH). 
‘"C-NMR (500MHz, dô-DMSO): 6 ppm 113.93, 119.49, 120.53, 126.97, 128.00, 
131.79,134.20, 135.22, 141.31, 157.45,162.82. FA B -M S: 646 [M+].
5,10,15-Tris-(4-hydroxyphenyl)-20-phenyl-27^,2J//-porphine (19P)
To a stirred solution of 9P (O.lg, 0.089 mmol) in absolute alcohol (12 ml) and DMF 
(6 ml) was added KOH pellets (0.9 g). The reaction was stirred at 80“C for 2 hours. 
Additional KOH pellets (0.9 g) were added again to the reaction mixture which 
proceeded for a further 2 hours at 60°C. After cooling, the reaction mixture was 
poured into distilled water (20 ml), treated with 3M HCl (12 ml) and brine (10 ml) 
and extracted into CHCI3 (30 ml). The organic layer was washed with distilled water 
(3 X 20 ml). The organic layer was removed, dried with Na2S04 , filtered and 
evaporated under reduced pressure to yield a purple solid. Chromatography and 
elution with CHCI3 : acetone (14 : 1) on silica (50 g) yielded two porphyrins (9P and 
19P). The first fraction was washed using hot MeOH, filtered and the solid dried 
under vacuum to give 9P, 27 mg (27%) as a purple solid which was pure by NMR 
analysis. The second fraction was washed using hot CHCI3, filtered and the solid 
dried under vacuum to give 5,10,15-tris-(4-hydroxyphenyl)-20-phenyl-2777,2577- 
porphine (19F) 39 mg (66.1%) as a purple solid which was pure by NMR analysis. 
'H-NMR (500MHz, dô-DMSO): 8 ppm -2.83 (s, 2H, pyrrole NH), 7.25 (d, J = 8.2Hz, 
6H, Ar-H), 7.87-7.88 (m, 3H, Ar-H), 8.05 (d, J = 8.3Hz, 6H, Ar-H), 8.26 (d, J = 
6.1FÏZ, 2H, Ar-H), 8.84 (d, J = 3.6FIz, 2FI, ^-pyrrole) 8.93 (s, 6H, /7-pyrrole), 10.01 
(s, 3H, OH). '^C-NMR (500MHz, de-DMSO): 5 ppm 113.91, 119.32, 120.14,
120.36, 126.91, 127.97, 131.83, 134.20, 135.50, 141.56, 157.41. FA B -M S: 663 [M 
+ H^].
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5,10,15,20-Tetrakis-(4-hydroxyphenyl)-2i.fir,2iJT-porphine (20P)
To a stirred solution of lOP (0.1 g, 0.077 mmol) in absolute alcohol (12 ml) and 
DMF (6 ml) was added KOH pellets (1.2 g). The reaction was stirred at 80°C for 2 
hours. Additional KOH pellets (1.2 g) were added again to the reaction mixture 
which proceeded for a further 2 hours at 60°C. After cooling, the reaction mixture 
was poured into distilled water (20 ml), treated with 3M HCl (12 ml) and brine (10 
ml) and extracted into CHCI3 (30 ml). The organic layer was washed with distilled 
water (3 x 20 ml). The organic layer was removed, dried with Na2S04 , filtered and 
evaporated under reduced pressure to yield a purple solid. Chromatography and 
elution with CHCI3 : acetone (14 : 1) on silica (50 g) yielded two porphyrins (lOP 
and 20P). The first fraction was washed using hot MeOH, filtered and the solid dried 
under vacuum to give lOP, 0.8 mg (0.8%) as a purple solid which were pure by 
NMR analysis. The second fraction was washed using hot chloroform, filtered and 
the solid dried under vacuum to give 5,10,15,20-tetrakis-(4-hydroxyphenyl)- 
27//,25//-porphine (20P) 41 mg (78.5%) as a purple solid which was pure by NMR 
analysis. ^H-NMR (500MHz, dô-DMSO): ô ppm, -2.88 (s, 2H, pyrrole NH), 7.20 (d, 
J = 8.0Hz, 8H, Ar-H), 7.99 (d, J = 8.0Hz, 8H, Ar-H), 8.86 (s, 8H, ,6-pyrrole), 9.95 (s, 
4H, OH). ’^ C-NMR (500MHz, dô-DMSO): Ô ppm 115.32, 118.91, 120.67, 121.06, 
121.85, 123.17, 126.77, 127.88, 130.91, 134.53, 135.13, 141.89, 149.25. FA B -M S: 
679 [M + Ff].
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5.3.6 4-Methoxyphenyl Pophyrins
HN
R =  — K V-O
CH3
Ph-OCH.
r 2 R> R2 R3 R^
2 1 P Ph-OCHj Ph-H Ph-H Ph-H
2 2 P Ph-OCHj Ph-H Ph-0CH3 Ph-H
2 3 P Ph-OCH] PI1-OCH3 Ph-H Ph-H
2 4 P Ph-OCHj Ph-0CH3 PI1-OCH3 Ph-H
2 5 P PI1-OCH3 PI1-OCH3 PI1-OCH3 Ph-OCI-13
(21P -25P )
To a stirred, refluxing solution of benzaldehyde (7.69 g, 72.5 mmol) and 4- 
methoxybenzaldehyde (9.87 g, 72.5 mmol) dissolved in propionic acid (250 ml) was 
added pyrrole (9.72 g, 0.145 mol). The reaction proceeded for 30 minutes, allowed 
to cool and placed in a fridge overnight at -15°C. Absolute alcohol (60 ml) was 
added to the reaction mixture and this was stirred for 12 hours at room temperature. 
The black reaction mixture was then filtered to yield the crude porphyrin as a dirty 
purple solid which was washed continuously with cold MeOH until the washing ran 
clear. The crude poiphyrin was removed from the filter, placed into a conical flask 
and to this boiling MeOH (100 ml) was added. The hot MeOH solution with the un- 
dissolved porphyrin was heated for a couple of minutes and then hot filtered to leave 
a clean purple solid which was continuously washed with hot MeOH until the 
washing ran clear. The porphyrin was then air dried followed by purification using 
column chromatography with silica (300 g) as adsorbent and toluene : hexane ( 4 : 1 )  
as eluent which afforded the following compounds (H2TPP, 21P -  25P) which 
separated by order of size and polarity, with H2TPP being the first removed from the 
column. The first fraction collected was evaporated to dryness and washed using hot 
MeOH. This solid was dried under vacuum to give H2TPP, 0.45 g (2.02%) as a 
purple solid which was pure by NMR analysis.
5-(4~Methoxyphenyl)-10,15,20-triphenyl-27/r,2JiT-porphine (21P)
The second fraction collected was evaporated to dryness under reduced pressure, 
washed using hot MeOH and filtered. The solid was dried under vacuum to give 5-
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(4-methoxyphenyl)-10,15,20-triphenyl-27/]r,2i//-porphine (2IP) 0.62 g, (2.65%) as a 
purple solid which was pure by NMR analysis.
'H-NMR (400MHz, CDCI3): 5 ppm -2.76 (s, 2H, pyrrole NH), 4.11 (s, 3H, OCH3),
7.28 -  7.30 (d, J = 8.4Hz, 2H, Ar-H), 7.75 -  7.78 (m, 9H, Ar-H), 8.14 (d, J = 8.3Hz, 
2H, Ar-H), 8.23 (d, .1 = 7.5Hz, 6H, Ar-H), 8.85 (s, 6H, /?-pyrrole), 8.89 (d, J = 4.7Hz, 
2H,/9-pyrrole). '^C-NMR (400MHz, CDCI3): 55.56, 112.19, 120.30, 126.67, 127.68,
134.55, 135.59, 142.20. FA B -M S: 644 [M*].
5.15-Bis-(4-methoxyphenyl)-10,20-diphenyl-27.fir,25.ftr-porphme (22P) and 5,10- 
bis-(4-methoxyphenyl)-15,20-diphenyl-27.fr,2i/7-porphine (23P)
The third and fourth fractions were unable to be separated by column 
chromatography. These fractions were collected and evaporated to dryness under 
reduced pressure, washed using hot MeOH and filtered. The solid was dried under 
vacuum to give 5,15-bis-(4-methoxyphenyl)-10,20-diphenyl-2777,257/-porphine 
(22P) and 5,10-bis-(4-methoxyphenyl)-l5,20-diphenyl-2777,2577-porphine (23P)
1.23 g, (5.03%) as a purple solid which was pure by NMR analysis.
'H-NMR (500MHz, CDCI3): ô ppm -2.75 (s, 2H, pyrrole NH), 4.09 (s, 6H, OCH3),
7.28 (d, J = 8 .6Hz, 4H, Ar-H), 7.74 -  7.76 (m, 6H, Ar-H), 8.12 (d, J = 8 .6Hz, 4H, Ar- 
H), 8.21 (d, J = 7.5Hz, 4H, Ar-H), 8.83 (d, J = 3.7Hz, 4H, /g-pyrrole), 8.86 (d, J = 
3.3Hz, 4H, ^-pyrrole). ^^C-NMR (500MHz, CDCI3): 55.58, 112.21, 119.89, 119.97,
126.66, 127.66, 128.22, 129.03, 131.06,’134.55, 135.59, 142.24, 159.42. FA B -M S : 
674 [M-^ ].
5.10.15-Tris-(4-methoxyphenyl)-20-phenyI-27Tr,2377-porphine (24P)
The fifth fraction collected was evaporated to dryness under reduced pressure, 
washed using hot MeOH and filtered. The solid was dried under vacuum to give
5.10.15-tris-(4-methoxyphenyl)-20-phenyl-2777,2377-porphine (24P) 0.43 g, (1.68%) 
as a purple solid which was pure by NMR analysis.
'H-NMR (500MHz, CDCI3): 8 ppm -2.72 (s, 2H, pyrrole NH), 4.11 (s. 9H, OCH3), 
7.30 (d, J = 7.9Hz, 6H, Ar-H), 7.76 -  7.78 (m, 3H, Ar-H), 8.14 (d, J = 8.2Hz, 6H, Ar­
id), 8.23 (d, J = 7.7Hz, 2H, Ar-H), 8.84 (d, J = 4.5Hz, 2H, /?-pyrrole), 8.89 (s, 6H, ,8- 
pyrrole). '^C-NMR (400MHz, CDCI3): 55.57, 112.17, 126.65, 127.64, 134.51, 
135.58, 140.04, 159.38. F A B -M S : 705 [M + H""].
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5,10,15,20-Tetralds-(4-methoxyphenyl)-2iiy,2ijfir-porphme (25P)
To a stirred, refluxing solution of 4-methoxybeiizaldeliyde (4.75 g, 35 mmol) 
dissolved in boiling propionic acid (100 ml) was added pyrrole (2.34 g, 35 mmol). 
The reaction proceeded for 30 minutes, allowed to cool and placed in a fridge 
overnight at -15°C. Absolute alcohol (25 ml) was added to the reaction mixture and 
this was stirred for 12 hours at room temperature. The black reaction mixture was 
then filtered to yield the crude porphyrin as a dirty purple solid which was washed 
continuously with cold MeOH until the washing ran clear. The crude porphyrin was 
removed from the filter, placed into a conical flask and to this boiling MeOH (25 ml) 
was added. The hot MeOH solution with the un-dissolved porphyrin was heated for 
a couple of minutes and then hot filtered to leave a clean purple solid which was 
continuously washed with hot MeOH until the washing ran clear. This was then 
removed from the filter and dried under vacuum to give 5,10,15,20-tetrakis-(4- 
methoxyphenyl)-2///,25i7“porphine (25P) 0.87 g (13.5%), as a purple solid which 
was pure by NMR analysis.
'H-NMR (500MHz, CDCI3): 5 ppm, -2,74 (2H, pyrrole NH), 4.09 (s, 12H, OCH3)
7.28 (d, J = 8.5Hz, 8H, Ar-H), 8.12 (d, J = 8.45Hz, 8H, Ai'-H), 8.85 (3, 8H, ,S-pyrrole) 
‘^ C-NMR (500MHz, CDCI3): 55.59, 112.20, 119.74, 134.67, 135.60, 154.40, 159.40 
FAB -  MS: 735 [M + H""]. Found: (C, 69.88%, H, 3.14% N, 7.30%. C48H38N4O4 
requires C, 70.23%, H, 3.84%, N, 7.45%).
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5.3.7 4-Nitrophenyl Porphyrins
NH
HN
R =  ----- ^
Ph-NO,
r 2 R> R2 R3 R^
26P Ph-NOj Ph- H Ph-H Ph-H
27P Ph-NOj Ph-H Ph-NO; Ph-H
28P Ph-NOj Ph-NOj Ph-H Ph-H
29P Ph-NOj Ph-NOj Ph-N02 Ph-H
30P Ph-NO; Ph-NOg PI1-NO2 Ph-N02
(2 6 ? -3 0 ? )
Yellow fuming nitric acid (6.97 g, 0.11 mol) was added via a pressure-equalizing 
funnel over 2 hours to a stirred solution of H2T ? ?  (4 g, 6.51 mmol) dissolved in 
purified CHCI3 (600 ml) at 0°C. The reaction was allowed to stir for a further 2 
hours and was then extracted with distilled water (5 x 300 ml), whereupon the 
organic layer changed from gi'een to purple. The combined distilled water washings 
were also extracted into EtOAc. Both organic layers were combined, dried with 
Na2S04 , filtered and evaporated under reduced pressure to yield a purple solid. 
Chromatography and elution with DCM : petroleum ether ( 4 : 1 )  on silica (200g) 
yielded four porphyrins (26?, 27?, 28? and 29?) which separated by order of size.
5-(4-Nitrophenyl)-10,15,20-triphenyI-2i.Sr,2J^-porphine (26?)
The first fraction collected was evaporated to dryness under reduced pressure, 
washed using hot MeOH and filtered. The solid was dried under vacuum to give 5- 
(4-nitrophenyl)-l0,15,20-triphenyl-27//,25//-porphine (26?) 1.70 g (39.6%) as a 
purple solid which was pure by NMR analysis.
'H-NMR (400MHz, CDCI3); 5 ppm, -2.75 (2H, pyrrole NH), 7.76 -  7.81 (m, 9H, Ar- 
H), 8.22 (d, J = 7.6H, 6H Ar-H), 8.41 (d, J = 8.5Hz, 2H, Ar-H), 8.65 (d, J = 8 .6Hz, 
2H, Ar-H), 8.75 (d, J = 4.6Hz, 2H, y^-pyrrole), 8.87 (s, 4H, y^-pyrrole), 8.90 (d, J = 
4.7Hz, 2H, ,8-pyrrole). ‘^C-NMR (500MHz, CDCI3): 8 ppm 120.66, 121.84, 126.76, 
127.87, 134.52, 135.11, 141.85, 149.21. FAB -  MS: 660 [M + H+]. Found: (C, 
79.70%, H, 3.99% N, 10.56%. C44H29N 3O2 requires C, 80.10%, H, 4.43%, N,
10.62%).
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5.15-Bis-(4-nitrophenyl)-10,20-diphenyl-27//,2J//-porphine (27P) and 5,10-Bis- 
(4-nitrophenyl)-15,20-diphenyl-2ijfiT,2J.^-porphine (28P)
The second and third fractions were unable to be separated by column 
chromatography. The second and third fractions were collected was evaporated to 
dryness under reduced pressure, washed using hot MeOH and filtered. The solid was 
dried under vacuum to give 5,15~bis-(4-nitrophenyl)-l0,20-diphenyl-27//,25//- 
porphiiie (27F) and 5,10-bis-(4-nitrophenyl)-15,20-diphenyl-2///,25//-porphine 
(28?) 0.96 g (20.9%) as purple crystals.
'H-NMR (400MHz, CDCI3): 8 ppm -2.78 (s, 2H, pyrrole NH), 7.74 -  7.81 (m, 6H, 
Ai-H), 8.20 (d, J = 6 .6Hz, 4H, Ar-H), 8.37 (d, J = 8.5Hz, 4H, Ar-H), 8.62 (d, J = 
8.5Hz, 4H, Ar-H), 8.74 (d, 4.2Hz, 2H, y5-pyrrole), 8.77 (s, 4H, /9-pyrrole), 8.87 (s, 
4H, /7-pyrrole) 8.90 (d, J = 4.7Hz, 2H, /7-pyrrole).* '^C-NMR (400MHz, CDCI3): 8 
ppm 117.11, 117.48, 121.15, 121.57, 121.91, 126.83, 128.03, 134.51, 135.07, 
141.62,147.77, 148.84. F A B -M S : 704 [M+].
5.10.15-Tris-(4-nitrophenyl)-20-phenyl-2///,25jF/-porphine (29?)
The third fraction collected was evaporated to dryness under reduced pressure, 
washed using hot MeOH and filtered. The solid was dried under vacuum to give
5.10.15-tris-(4-nitrophenyl)-20-phenyl-2///,25//-porphine (29?) 0.23 g (4.72%) as 
purple crystals.
'H-NMR (500MHz, CDCI3): 8 ppm -2.81 (s, 2H, pyrrole NH), 7.78 -  7.80 (m, 3H, 
Ar-H), 8.20 (d, J = 6.4Hz, 2H, Ar-H), 8.40 (d, J = 8.32Hz, 6H, Ar-H), 8.66 (d, .1 = 
8.5Hz, 6H, Ar-H), 8.77 (d, J = 4.6Hz, 2H, y5-pyrrole), 8.80 (s, 4H, /5-pyrrole), 8.93 (d, 
J = 3.57Hz, 2H, ,8-pyrrole). '^C-NMR (500MHz, d-TFA): 8 ppm 113.22, 115.47, 
117.73, 119.98, 122.38, 123.66, 125.81, 129.68, 130.91, 131.03, 131.71, 132.07, 
132.79, 133.77, 140.41, 140.56, 141.83, 146.78, 146.87, 147.45, 147.72, 149.37,
151.24. FA B -M S: 749 [M'"].
5,10,15,20-Tetrakis-(4-nitrophenyl)-2i/T,25//-porphine (30?)
Into a 10 cm tall beaker charged with pyrrole (0.69 g, 0.01 mol), and propionic acid 
(0.5 ml) was added 4-nitrobenzaldehyde (1.51 g, 0.01 mol). The mixture was placed 
in a 700W microwave for 5 minutes with the mixture being checked once at 2 K
Four extra protons seen. This is most likely due to the splitting pattern from the pyrroles.
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minutes. The reaction mixture was allowed to cool and then washed with cold DCM 
(50 ml). The purple solid was collected and dried under vacuum to give 5,10,15,20- 
tetrakis-(4-nitrophenyl)-2ii/,25//-porphine (30P) 0.23 g as purple crystals.
'H-NMR (500MHz, d-TFA): 5 ppm -2.80 (s, 2H, pyrrole NH), 7.84 (br d, 8H, Ar-H),
8.35 (br d, 8 Ar-H), 8.90 (s, 8H, ,8-pyrrole). '^C-NMR (500MHz, d-TFA): 8 ppm 
118.1, 127.4, 131.8, 134.0, 136.9, 140.3. FA B -M S: 795 [M4-H*].
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5.3.8 4-Aminophenyl Porphyrins
NH N==,
HN
R =  — ( f  '^ N H ^
Ph-NHj
Ri R2 R3 R4
31P Ph-NHj Ph-H Ph-H Ph-H
32P Ph-NHj Ph-H Ph-NH; Ph-H
33P Ph-NHz Ph-NH^ Ph-H Ph-H
34P Ph-NH^ Ph-NHj Ph-NHj Ph-H
35P Ph-NHj Ph-NHj Ph-NH^ Ph-NH^
(31P -35P ) 
5-(4-Aminophenyl)-10,15,20-triphenyl-2ijfir,2i/r-porphine (31P)
26P (1.16 g, 1.76 mmol) was added to a solution of tin(II) chloride dihydrate (1.19 g, 
5.27 mmol) in 9M hydrochloric acid (40 ml) and the solution was stirred at 65°C for 
2 hour's. The reaction mixture was allowed to cool and poured into distilled water 
(140 lul). The pH was adjusted to 8 with concentrated ammonia solution. The 
suspension was extracted nine times with chloroform (9 x 100 ml) and the residual 
distilled water washed with EtOAc (100 ml). Both organic layers were combined, 
dried with Na2S04 , filtered and evaporated under reduced pressure to yield a purple 
solid. Chromatography using a wide column and elution with silica gel (100 g) as 
absorbent and CHCI3 as eluent yielded two porphyrins (26P and 31P). The first 
fraction was removed, washed using hot MeOH and filtered. The solid was dried 
under vacuum to give 26P, 0.11 g (9.5%) as a purple solid which was pure by NMR 
analysis. The second fraction was removed, washed using cold diethyl ether and 
filtered. The solid was dried under vacuum to give 5-(4-aminophenyl)-10,15,20- 
triphenyl-277/,25i/“porphine 31P 0.98 g (88.4%) as a purple solid which was pure by 
NMR analysis.
'H-NMR (400MHz, CDCI3): 5 ppm -2.69 (s, 2H, pyrrole NH), 3.98 (s, 2H, NH2) 
7.05 (d, J = 8.4Hz, 2H, Ar-H), 7.80 -  7.77 (m, 9H, Ar-H), 8.02 (d, J = 8.4Hz, 2H, Ar- 
H), 8.26 (d, J = 7.6Hz, 6H, Ar-H), 8.88 (s, 6H, ,9-pyrrole), 8.98 (d, J = 4.7Hz, 2H, p- 
pyrrole). '^C-NMR (400MHz, CDCI3): ô ppm, 113.47, 119.78, 120.02, 120.91, 
126.94, 127.69, 131.16, 132.41, 134.60, 135.72, 142.33, 146.05. FAB -  MS: 629 
[M3. Found: (C, 83.69%, H, 4.39% N, 11.04%. C44H31N5 requires C, 83.92%, H, 
4.96%, N, 11.12%).
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5.15-Bis-(4-aminophenyl)-10,20-diphenyl-2i7T,2i//-porphine (32P) and 5,15-Bis- 
(4-aminophenyI)-10,20-diphenyl-2i4fir,23Ær-porphine (33P)
A porphyrin mixture of 27P and 28P (0.2 g, 0.283 mmol) was added to a solution of 
tiii(II) chloride dihydrate (0.38 g, 1.68 mmol) in 9M hydrochloric acid (20 ml) and 
the solution was stirred at 65°C for 2 hours. The reaction mixture was allowed to 
cool and poured into distilled water (300 ml). The pH was adjusted to 8 with 
concentrated ammonia solution. The suspension was extracted nine times with 
chloroform (9 x 50 ml) and the residual distilled water washed with EtOAc (100 ml). 
Both organic layers were combined, dried with Na2S04 , filtered and evaporated 
under reduced pressure to yield a purple solid. Clu'omatography using a wide 
column and elution with chloroform on silica gel (50 g) yielded four porphyrins 
(27P, 28P, 32P and 33P). The first and second two fractions which could not be 
separated was removed, washed with hot MeOH and filtered. The solid was dried 
under vacuum to give 27P and 28P, 34 mg (17.05%) as a purple solid which was 
pure by NMR analysis. The third and fourth fractions which could not be separated 
was removed, washed using cold diethyl ether and dried under vacuum to give 5,15- 
bis-(4-aminophenyl)-10,20-diphenyl-27/7,23//-porphine (32P) and 5,10-bis-(4- 
aminophenyl)-15,20-diphenyl-2777^2577-porphine (33P) 34 mg (17.05%) as a purple 
solid which was pure by NMR analysis.
'H-NMR (400MHz, CDClj): S ppm -2.66 (s, 2H, pyrrole NH), 3.95 (s, 4H, NHi) 
7.02 (d, J = 8.5Hz, 4H, Ar-H), 7.75 -  7.80 (m, 6H, Ar-H), 8.01 (d, J = 8.0Hz, 4H, Ar- 
H), 8.26 (d, J = 9.0Hz, 4H, Ar-H), 8.88 (s, 4H, /7-pyrrole), 8.94 (s, 4H, ^-pyrrole). 
'^C-NMR (400MHz, CDCI3): 5 ppm 113.45, 119.64,119.85, 120.53, 120.78, 126.70,
127.66, 131.04, 132.50, 134.63, 135.73, 142.38, 146.00. FAB -  MS: 644 [M+].
5.10.15-Tris-(4-aminophenyl)“20-diphenyl-2i.7f,23jfir-porphine (34P) and
5,10,15,20-Tetralds-(4-ammophenyl)-27jHf23^-porphme (35P)
These could not be made before the end of the project but have been kept in for 
completeness.
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5.3.9 5,10,15,20-Tetrakis-(4-chlorophenyl)-2i//,2i^-porphine
Cl
Cl
Cl
(36P)
To a stirred, refluxing solution of 4-chlorobenzaidehyde (20.37 g, 0.145 mol) 
dissolved in boiling propionic acid (250 ml) was added pyrrole (9.72 g, 0.145 mol). 
The reaction proceeded for 30 minutes, allowed to cool and placed in a fridge 
overnight at -15°C. Absolute alcohol (120 ml) was added to the reaction mixture and 
this was stirred for 12 hours at room temperature. The black reaction mixture was 
then filtered to yield the crude porphyrin as a dirty purple solid which was washed 
continuously with cold MeOH until the washing ran clear. The crude porphyrin was 
removed from the filter, placed into a conical flask and to this boiling MeOH (100 
ml) was added. The hot MeOH solution with the un-dissolved porphyrin was heated 
for a couple of minutes and then hot filtered to leave a clean purple solid which was 
continuously washed with hot MeOH until the washing ran clear. This was then 
removed from the filter and dried under vacuum to give 5,10,15,20-tetrakis-(4- 
chlorophenyl)-27//,23//-porphine (36P) 8.25 g (30.3%), as a purple solid which was 
pure by NMR analysis.
'H-NMR (400MHz, CDCI3): 8 ppm, -2.82 (2H, pyrrole NH), 7.76 (d, J = 8.2Hz, 8H, 
Ar-H), 8.14 (d, J = 8.2Hz, 8H, Ar-H), 8.86 (s, 8H, y«-pyrrole). '^C-NMR (400MHz, 
CDCI3): 8 ppm, 119.00, 127.06, 131.12, 134.42, 135.51, 140.38. FAB -  MS: 752 
[M^]. Found: (C, 69.86%, H, 3.05% N, 7.36%. C44H26CI4N4 requires C, 70.23%, H, 
3.84%, N, 7.45%).
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5.3.10 5-(2-CinnamyloxyphenyI)-10,15,20-triphenyI-2i^,2i^-porphine
(37?)
To a stirred, refluxing solution of benzaldehyde (1.39 g, 13.1 mmol) and 2- 
cinnamyloxybenzaldehyde (1.10 g, 4.36 mmol) dissolved in propionic acid (25 ml) 
was added pyrrole (1.17 g, 17.4 mmol). The reaction proceeded for 30 minutes, 
allowed to cool and placed in a fridge overnight at -15°C. MeOH (150 ml) was 
added to the reaction mixture and this was stirred for 5 hours at room temperature. 
The black reaction mixture was then filtered to yield the crude porphyrin as a dirty 
purple solid which was washed continuously with cold MeOH until the washing ran 
clear. The crude porphyrin was removed from the filter, placed into a conical flask 
and to this boiling MeOH (25 ml) was added. The hot MeOH solution with the un- 
dissolved porphyrin was heated for a couple of minutes and then hot filtered to leave 
a clean purple solid which was continuously washed with hot MeOH until the 
washing ran clear. The porphyrin was then air dried followed by purification using 
column chromatography with silica gel (30 g) as adsorbent and chloroform as eluent 
which afforded the following compounds (H2TPP, 37P) which separated by order of 
size and polarity, with H2TPP being the first removed from the column. The first 
fraction collected was evaporated under reduced pressure to dryness, washed using 
hot MeOH and filtered. The solid was dried under vacuum to give H2TPP 0.28 g 
(1.25%) as a pmple solid which was pure by NMR analysis. The second fraction 
was collected, washed using cold MeOH and filtered. The solid was dried under 
vacuum to give 5-(2-cinnamyloxyphenyl)-10,15,20-triphenyl-2i//,25T/-porphine 
(37P) 0.10 g (3.0%) as a purple solid which was pure by NMR analysis.
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'H-NMR (500MHz, CDCI3): 5 ppm -2.78 (s, 2H, pyrrole NH), 5.41 (d, J = 16.0Hz, 
IH, -CH-), 6.33 (d, J = 7.4Hz, 2H, Ar-H), 6.48 (d, J = 16Hz, IH, -CH-), 6.71 (t, J = 
7.7Hz, 2H, Ar-H), 6.91 (t, J = 7.4Hz, IH, Ar-H), 7.65 -  7.76 (m, 12H, Ar-H), 8.12 
(d, J = 7.4Hz, IH, Ar-H), 8.23 (s, 6H, Ar-H), 8.86 (s, 4H, /?-pyrrole) 8.83 -  8.87 (m, 
4H, A-Pyrrole). '^C-NMR (500MHz, CDCI3): 5 ppm, 114.50, 116.45, 120.37, 
120.50, 122.74, 124.73, 126.89, 127.72, 127.94, 128.28, 129.91, 130.13, 132.10, 
132.15,134.76, 136.18, 142.28, 142.35,145.82. FA B -M S: 760 [M+].
5.3.11 5-(3-Cinnamyloxyphenyl)-10,15,20-triphenyl-2i/f,231/-porphine
(38P)
To a stirred, refluxing solution of benzaldehyde (1.39 g, 13.1 mmol) and 3- 
cimiamyloxybenzaldehyde (1.10 g, 4.36 mmol) dissolved in propionic acid (25 ml) 
was added pyrrole (1.17 g, 17.4 mmol). The reaction proceeded for 30 minutes, 
allowed to cool and placed in a fridge overnight at -15°C. MeOH (150 ml) was 
added to the reaction mixture and this stirred was for 5 hours at room temperature. 
The black reaction mixture was then filtered to yield the crude porphyrin as a dirty 
purple solid which was washed continuously with cold MeOH until the washing ran 
clear. The crude porphyrin was removed from the filter, placed into a conical flask 
and to this boiling MeOH (25 ml) was added. The hot MeOH solution with the un- 
dissolved porphyrin was heated for a couple of minutes and then hot filtered to leave 
a clean purple solid which was continuously washed with hot MeOH until the 
washing ran clear. The porphyrin was then air dried followed by purification using 
column chromatography with silica gel (30 g) as adsorbent and chloroform as eluent
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which afforded the following compounds (H2TPP, 38P) which separated by order of 
size and polarity, with H2TPP being the first removed from the column. The first 
fraction collected was evaporated under reduced pressure to dryness, washed using 
hot MeOH and filtered. The solid was dried under vacuum to give H2TPP, 0.28 g 
(1.25%) as a purple solid which was pure by NMR analysis. The second fraction 
was removed, washed using cold MeOH and filtered. The solid was dried under 
vacuum to give 5-(3-cinnamyloxyphenyl)-10,15,20-triphenyl-27//,25/f-porphine 
(38P), 0.12 g (3.6%) as a purple solid which was pure by NMR analysis.
'H-NMR (500MHz, CDCI3): 8 ppm -2.77 (s, 2H, pyrrole NH), 6.72 (d, J = 16.0Hz, 
IH, -CH-), 7.41 — 7.42 (m, 4H, Ar-H), 7.60 — 7.64 (m, 3H, Ar-H), 7.76 — 7.81 (m, 
9H, Ar-H), 7.96 (d, J = 16.0Hz, IH, Ar-H), 8.08 (s, IH, -CH-), 8.12 (d, J = 7.4Hz, 
IH, Ai'-H), 8.23 (s, 6H, Ar-H), 8.86 (s, 4H, ,8-pyrrole) 8.89 (d, J = 4.6Hz, 2H, ji- 
pyrrole), 8.96 (d, J = 4.5Hz, 2H, ^-pyrrole). ‘^ C-NMR (500MHz, CDCI3): Ô ppm, 
114.99, 116.33, 117.95, 118.71, 124.39, 125.21, 125.72, 125.44, 126.04, 126.70, 
128.44, 129.91, 131.05, 132.26, 134.57, 139.82, 144.54. FA B -M S: 760 [M”"].
5.3.12 5-(4“Cinnamyloxyphenyl)-10,15,20-triphenyl-2iiT,25iT-porphme
O
(39P)
To a stirred, refluxing solution of benzaldehyde (1.39 g, 13.1 mmol) and 4- 
cimiamyloxybenzaldehyde (1.10 g, 4.36 mmol) dissolved in propionic acid (25 ml) 
was added pyrrole (1.17 g, 17.4 mmol). The reaction proceeded for 30 minutes, 
allowed to cool and placed in a fridge overnight at -15°C. MeOH (150 ml) was 
added to the reaction mixture and this was stirred for 5 hours at room temperature. 
The black reaction mixture was then filtered to yield the crude porphyrin as a dirty 
purple solid which was washed continuously with cold MeOH until the washing ran
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clear. The crude porphyrin was removed from the filter, placed into a conical flask 
and to this boiling MeOH (25 ml) was added. The hot MeOH solution with the un- 
dissolved porphyrin was heated for a couple of minutes and then hot filtered to leave 
a clean purple solid which was continuously washed with hot MeOH until the 
washing ran clear. The porphyrin was then air dried followed by purification using 
column clu'omatography with silica gel (30 g) as adsorbent and chloroform as eluent 
which afforded the following compounds (H2TPP, 39P) which separated by order of 
size and polarity, with H%TPP being the first removed from the column. The first 
fraction collected was evaporated under reduced pressure to dryness, washed using 
hot MeOH and filtered. The solid was dried under vacuum to give H2TPP, 0.28 g 
(1.25%) as purple crystals which was pure by NMR analysis. The second fraction 
was removed, washed using cold MeOH and filtered. The solid was dried under 
vacuum give 5-(4-cinnamyloxyphenyl)-10,15,20-triphenyl-27/7,25//-porphine (39P)
0.15 g (4.5%) as a purple solid which was pure by NMR analysis.
'H-NMR (500MHz, CDCI3): Ô ppm -2.77 (s, 2H, pyrrole NH), 6.82 (d, J = 15.97Hz, 
IH, -CH-), 7.47 (m, 3H, Ar-H), 7.58 (d, J = 8.34Hz, 2H, Ar-H), 7.69 (d, J = 7.14Hz, 
2H, Ar-H), 7.78 -  7.74 (m, 9H, Ar-H), 8.05 (d, J = 15.96Hz, IH, -CH-), 8.21 (d, J = 
7.58Hz, 6H, Ar-H), 8.25 (d, 8.33Hz, 2H, Ar-H), 8.84 (s, 4H, y^-pyrrole) 8.86 (d, J = 
4.77Hz, 2H, ,0-pyiTole), 8.90 (d, J = 4.45Hz, 2H, /?-pyrrole). "'C-NMR (500MHz, 
CDCI3): Ô ppm 115.14, 116.72, 117.62, 117.96, 124.43, 125.47, 126.16, 126.82, 
128.57, 129.99, 131.97, 132.30, 132.84, 133.09, 137.40, 139.88, 144.68, 148.47,
163.24. FA B -M S: 760 [M""].
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3.3.13 5,I0,I5,20-Tetrakis(4-iV-(tert-butoxycarbonyI)acetoxyphenyl)-2iiy,2ijf^- 
porphine
HN
O
O
HN
(40P)
BocGlycine (1.03 g), lOP (0.3 g) and pyridine (0.69 g) were dissolved in EtOAc (45 
ml). While the reaction was held at -5“C DCC (1.83 g) in EtOAc (15 ml) was added 
and the reaction was stirred overnight. The red mixture was evaporated to dryness 
under reduced pressure and MeOH (200 ml) was added to the reaction. The red 
mixture was stirred for 5 minutes and filtered; further washing with warm MeOH 
yielded a purple solid. This was dried under vacuum to give 5,10,15,20-tetrakis-(4- 
N-(tert-butoxycarbonyl)acetoxyphenyl)“21H, 23H-porphine (40P) 0.48 g (95%) as a 
purple solid which was pure by NMR analysis.
‘H-NMR (400MHz, CDCI3): 8 ppm -2,80 (s, 2H, pyrrole NH), 1.54 (s, 36H, CHj),
4.36 (s, 8H, CH2), 5.20 (br s, 4H, NH), 7.52 (d, J = 8.43Hz, 8H, Ar-H), 8.20 (d, .1 = 
8.41Hz, 8H, Ar-H), 8.85 (s, 8H, CH, /S-pyrrole). '^C-NMR (400MHz, CDCI3): 8 
ppm 28.4, 42.8, 80.4, 113.8, 119.1, 119.6, 131.6, 135, 139, 150, 155, 169. MS-FAB: 
1307 [M^ "].
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5.4 Metal Insertion in Porphyrin Cavity
5.4.1 Iron(II) chloride tetrahydrate Insertion into H2TPP
Cl—Fe
OMP
To a stirred solution of H2TPP (6 g, 9.76 mmol) in DMF (50 ml) was added iron (II) 
chloride tetrahydrate (9.70 g, 48.8 mmol) and the reaction was refluxed for 5 hours. 
The reaction was allowed to cool and then the solution was washed with EtOAc (100 
ml), water (100 ml) and brine (10 ml). The organic layer was removed, dried over 
Na2S04 , filtered and the solvent removed under reduced pressure. The solid was 
washed with hot MeOH (20 ml) and dried under vacuum give 5,10,15,20- 
tetraphenyl-21 H,23H-porphine iron (III) chloride TPPFeCl 3.23 g (47%) as black 
solid.
FAB -  MS: C44H2gFeN4Cl -  704 [M'"]; C44H2gFeN4 -  669 [M -  Cl]. Found: (C, 
74.82%, H, 3.66% N, 7.95%. C44H2gN4ClFe requires C, 75.06%, H, 4.01%, N, 
7.96%).
IM P
Yield based on 100 mg o f IP  = 78 mg (70.0%).
FAB -  MS: C5iH34ClFeN403S -  874 [M^ "]; C5iH34FeN403S -  838 [M - Cl]. Found: 
(C, 69.87%, H, 3.83% N, 6.11%. C5iH34ClFeN403S requires C, 70.07%, K  3.92%, 
N, 6.41%).
2MP
Yield based on 100 mg of 2P = 67 mg (59.4%).
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FAB -  MS: C58H4oClFeN406S2 -  1044 [M^], Cs8H4oFeN406S2 -  1008 [M -  Cl]. 
Found: (C, 66.83%, H, 4.02% N, 5.51%. C58H4oClFeN406S2 requires C, 66.70%, H, 
3.86%, N,5.36%).
3MP
Yield based on 100 mg of 3P = 65 mg (61.3%).
FAB -  MS: C5gH4oClFeN406S2 -  1044 [M"^ ], C5gH4oFeN406S2 -  1009 [M -  Cl]. 
Found: (C, 66 .86%, H, 4.02% N, 5.49%. C5gH4oClFeN406S2 requires C, 66.70%, H, 
3.86%, N,5.36%).
4MP
Yield based on 100 mg of 4P = 52 mg (48.2%).
FAB -  MS: Cô5H46ClFeN409S3 -  1214 [M"], C6sH46FeN409S3 -  1179 [M -  Cl]. 
Found: (C, 63.93%, H, 3.61% N, 4.44%. C6sH46N4ClFe09S3 requires C, 64.28%, FI, 
3.82%, N, 4.61%).
5MP
Yield based on 100 mg of 5P = 80 mg (74.9%).
FAB -  MS: C72Hs2ClFeN40,2S4 -  1385 [M+], C6sH46FeN409S3 -  1349 [M -  Cl]. 
Found: (C, 62.25%, H, 3.55% N, 4.01%. C72H52N4ClFeOi2S4 requires C, 62.45%, H, 
3.78%, N,4.07%).
6MP
Yield based on 100 mg of 6P = 76 mg (68.2%).
FAB -  MS: C;iH34ClFeN403S -  874 [M"l; C5iH34FeN403S - 838 [M - Cl], Found: 
(C, 70.19%, H, 3.66% N, 6.35%. C;,H34ClFeN403S requires C, 70.07%, H, 3.92%, 
N, 6.41%).
7MP
Yield based on 100 mg of 7P = 46 mg (42.1%).
FAB -  MS: C;gH4oClFeN406S2 - 1044 [M+], C5sH4oFeN406S2 - 1009 [M -  Cl]. 
Found: (C, 67.02%, H, 4.11% N, 5.57%. C58H4oCIFeN406S2 requires C, 66.70%, H, 
3.86%, N, 5.36).
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8MP
Yield based on 100 mg of 8P = 62 mg (56.7%).
FAB -  MS: C;;H4oCtFeN406S2 -  1044 [M*], C;gH4oFeN406S2 - 1009 [M -  Cl]. 
Found: (C, 67.09%, H, 4.02% N, 5.53%. C5sH4oClFeN406S2 requires C, 66.70%, H, 
3.86%, N, 5.36).
9MP
Yield based on 100 mg of 9P = 53 mg (49.1%).
FAB -  MS: C65H46ClFeN409S3 - 1214 [M^], C65H46FeN409S3 - 1179 [M -  Cl]. 
Found: (C, 63.88%, H, 3.41% N, 4.37%. C65H4ôN4ClFe09S3 requires C, 64.28%, H, 
3.82%, N, 4.61%).
lOMP
Yield based on 100 mg of lOP = 59 mg (55.2%).
FAB -  MS: C72H52ClFeN40i2S4 - 1385 [M'^], C65H46peN409S3 - 1349 [M -  Cl]. 
Found: (C, 62.40%, H, 3.54% N, 4.02%. C72H52N4ClFeO]2S4 requires C, 62.45%, H, 
3.78%, N, 4.07%).
IIM P
Yield based on 100 mg of I IP  = 42 mg (36.8%).
FAB -  MS: C44H2sClFeN40  - 720 [M^, C44H2gFeN40  - 684 [M -  Cl]. Found: (C, 
73.77%, H, 4.09% N, 7.91%. C44H2sClFeN40  requires C, 73.40%, H, 3.92%, N, 
7.78%).
12MP
Yield based on 100 mg of 12P = 59 mg (51.8%).
FAB -  MS: C44H28ClFeN402 - 736 [M+], C44H2sFeN402 - 700 [M - Cl]. Found: (C, 
72.09%, H, 3.88% N, 7.62%. C44H2sClFeN402 requires C, 71.80%, H, 3.83%, N, 
7.61%).
13MP
Yield based on 100 mg of 13P = 48 mg (42.2%).
FAB -  MS: C44H28ClFeN402 - 736 [M+], C44H2sFeN402 - 700 [M - Cl]. Found: (C, 
71.93%, H, 3.91% N, 7.55%. C44H2sClFeN402 requires C, 71.80%, H, 3.83%, N, 
7.61%).
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14MF
Yield based on 100 mg of 14P = 67 mg (59.1%).
FAB -  MS: C44H28ClFeN403 - 752 [M^”], C44H2sFeN403 - 716 [M - Cl]. Found: (C, 
69.66%, H, 3.42% N, 7.38%. C44H28ClFeN404 requires C, 70.27%, H, 3.75%, N, 
7.45%).
15MP
Yield based on 100 mg of 15P = 50 mg (44.2%).
FAB -  MS: C44H28ClFeN404 - 768 [M^, C44H2gFeN404 - 732 [M - Cl]. Found: (C, 
69.32%, H, 4.04% N, 7.43%. C44H2gClFeN404 requires C, 68.81%, H, 3.67%, N, 
7.30%).
16MP
Yield based on 100 mg of 16P = 49 mg (42.9%).
FAB -  MS: C44H2gClFeN40 - 720 [M*^ ], C44H2gFeN40 - 684 [M - Cl]. Found: (C, 
73.37%, H, 3.92% N, 7.46%. C44H2gClFeN40  requires C, 73.40%, H, 3.92%, N, 
7.78%).
17MP
Yield based on 100 mg of 17P = 32 mg (28.1%).
FAB -  MS: C44H2gClFeN402 - 736 [M^], C44H2gFeN402 - 700 [M - Cl]. Found: (C, 
67.99%, H, 3.58% N, 6.97%. C44H2gClFeN402 requires C, 71.80%, H, 3.83%, N, 
7.61%).
18MP
Yield based on 100 mg of 18P = 48 mg (42.2%).
FAB -  MS: C44H2gClFeN402 - 736 [M^], C44H2gFeN402 - 700 [M - Cl]. Found: (C, 
68.98%, H, 3.73% N, 7.61%. C44H2gClFeN402 requires C, 71.80%, H, 3.83%, N, 
7.61%).
19MP
Yield based on 100 mg of 19P = 56 mg (49.4%).
FAB -  MS: C44H2gClFeN403 - 752 [M^ ]^, C44H2gFeN4Û3 - 716 [M - Cl]. Found: (C, 
69.87%, H, 3.54% N, 7.88%. C44H2gClFeN404 requires C, 70.27%, H, 3.75%, N, 
7.45%).
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20MP
Yield based on 100 mg of 20P = 53 mg (45.7%).
FAB -  MS: C44H2sClFeN404 - 768 [M+], C44H28FeN404 - 732 [M -  Cl], Found: (C, 
68.59%, H, 3.61% N, 7.22%. C44H28ClFeN404 requires C, 68.81%, H, 3.67%, N, 
7.30%).
21MP
Yield based on 100 mg of 21P = 48 mg (42.2%).
FAB -  MS: C4sH3oClFeN40  - 734 [M ^, C45H3oFeN40  - 698 [M -  Cl]. Found: (C, 
73.83%, H, 4.53% N, 7.79%. C45H3oClFeN40 requires C, 73.63%, H, 4.12%, N, 
7.73%).
22MP and 23MP
Yield based on 100 mg of 22P and 23P = 41 mg (36.2%).
FAB -  MS: C46H32ClFeN402 - 764 [M""], C46H32FeN402 - 728 [M -  Cl]. Found: (C, 
72.01%, H, 4.06% N, 7.16%. C46H32ClFeN402 requiæs C, 72.31%, H, 4.22%, N, 
7.33%).
24MP
Yield based on 100 mg of 24P = 53 mg (47.0%).
FAB -  MS: C47H34ClFeN403 - 794 [M+], C44H28FeN4Û3 - 758 [M - Cl]. Found: (C, 
71.88%, H, 4.66% N, 7.35%. C4?H34ClFeN403 requires C, 71.09%, H, 4.32%, N, 
7.06%).
25MP
Yield based on 100 mg of 25P = 31 mg (27.6%).
FAB -  MS: C48H36ClFeN404 - 824 [M^], C48H36FeN404 - 788 [M - Cl]. Found: (C, 
70.54%, H, 4.33% N, 6.75%. C48H36FeN404 requires C, 69.95%, H, 4.40%, N, 
6.80%).
26MP
Yield based on 100 mg of 26P = 53 mg (45.8%).
FAB -  MS: C44H27CIFeNs02 - 749 [M+], C44H27FeNs02 - 713 [M - Cl]. Found: (C, 
70.86%, H, 3.52% N, 9.08%. C44H27ClFeNs02 requires C, 70.56%, H, 3.63%, N, 
9.35%).
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27MP and 28MP
Yield based on 100 mg of 27P and 28MP = 56 mg (49.7%).
FAB -  MS: C44H26ClFeN604 - 794 [M""], C44H26FeN604 - 758 [M - Cl]. Found: (C, 
66.03%, H, 3.56% N, 10.71%. C44H26ClFeN604 requires C, 65.56%, H, 3.30%, N, 
10.58%).
29MP
Yield based on 100 mg of 29P = 41 mg (36.6%).
FAB -  MS: C44H25ClFeN706 - 839 [M*], C44H2sFeN706 - 803 [M - Cl]. Found: (C, 
60.64%, H, 3.39% N, 10.38%. C44H25ClFeN706 requires C, 62.99%, H, 3.00%, N, 
11.69%).
3OMP -  Was not prepared.
31MP
Yield based on 100 mg of 31P = 60 mg (52.6%).
FAB -  MS: C44H29ClFeN5 - 719 [M+], C44H29FeNs - 683 [M -  Cl]. Found: (C, 
71.95%, H, 3.69% N, 9.37%. C44H29ClFeNs requires C, 73.50%, H, 4.07%, N, 
9.74%).
32MP and 33MP
Yield based on 100 mg of 32P and 33P = 51 mg (48.7%).
FAB -  MS: C44H3oClFeN6 - 734 [M”^], C44H3oFeN6 - 698 [M -  Cl]. Found: (C, 
72.13%, H, 4.17% N, 11.51%. C44H3oFeN6 requires C, 71.99%, H, 4.12%, N,
11.45%).
34MP and 35MP -  Was not prepared.
36MP
Yield based on 100 mg of 36P = 81 mg (77.8%).
FAB -  MS: C44H24ClsFeN4 - 842 [M^], C44H24CUFeN4 - 806 [M - Cl]. Found: (C, 
62.98%, H, 2.74% N, 6.50%. C44Hz4ClFeN4 requires C, 62.78%, H, 2.87%, N, 
6 .66%).
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37MP
Yield based on 100 mg of 37P = 61 mg (54.6%).
FAB -  MS: C53H34ClFeN402 - 850 [M+], C53H34FeN402 - 814 [M - Cl], Found: (C, 
73.89%, H, 3.84% N, 6.65%. C;3H34ClFeN402 requires C, 74.88%, H, 4.07%, N, 
6.59%).
38MP
Yield based on 100 mg of 38P = 57 mg (51.0%).
FAB -  MS: C53H34ClFeN402 - 850 [M^, Cs3H34FeN402 - 814 [M - Cl]. Found: (C, 
74.13%, H, 3.93% N, 6.88%. C53H34ClFeN402 requires C, 74.88%, H, 4.07%, N, 
6.59%).
39MP
Yield based on 100 mg of 39P = 64 mg (57.3%).
FAB -  MS: C53H34ClFeN402 -850 [M^], C53H34FeN402 - 814 [M - Cl]. Found: (C, 
74.22%, H, 3.89% N, 6.46%. C53H34ClFeN402 requires C, 74.88%, H, 4.07%, N, 
6.59%).
40MP
Yield based on 100 mg of 40P = 30 mg (28.1%).
FAB — MS: C72H74ClFeNgOi6 - 884 [M^], C72H74FeNgOi6 - 848 [M — Cl]. Found: 
(C, 60.02%, H, 2.98% N, 12.78%. C44H24ClFeNg08 requires C, 59.78%, H, 2.74%, 
N, 12.68%).
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CHAPTER SIX
Conclusions and 
Future Work
6.1 Conclusions
From a synthetic viewpoint it can be concluded that /we^'o-substituted iron porphyrins 
with varying functionalities can be prepared with considerable ease, providing the 
aromatic aldehyde is not sensitive to the acidic conditions required for the Alder- 
Longo synthesis. Purification is still a major issue with regards to this synthetic 
methodology and although washing with an opposed polarity of solvent will clean 
the tetra-substituted mgj-o-porphyrins, the same can not be said for the porphyrins 
with a mixed substitution pattern and column chromatography seems to be the only 
method for purification. It should be noted that if a porphyrin is prepared from a 
direct reaction with another porphyrin (e.g. reduction or deprotection), then this 
porphyrin may be purified without the use of column chromatography. Although 
electron-donating aldehydes seem to produce the most porphyrin, limiting yield is an 
issue when performing the Alder-Longo synthesis and isolation of a porphyrin in 
excess of 25% is challenging.
The use of the tosyl protecting group in the synthesis of the hydroxyphenyl 
porphyrins worked very well. A range of novel 3- and 4-tosyloxyphenyl porphyrins, 
mono-, his-cis-, his-trans-, tris- and tetrakis- in both series was obtained. These tosyl 
compounds proved to be robust during the rather vigorous preparation, but also 
readily separable by column chromatography; even the isomeric bis-cA- and bis- 
trans- compounds were separated. The alkaline hydrolysis of the tosyl group was 
successful and yields based on starting tosyloxyphenyl porphyrin consumed were 
close to quantitative. In summary, as a protecting group for the hydroxy in 
porphyrin synthesis, the tosyl is superior to the methyl in terms of overall yield and 
separation.
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However, yields were typically -  2%, similar to those found for the preparation of 
the methoxyphenyl series, although the bis-cis- and bis-trans-isomQxs could not be 
separ ated for this series.
Attempted preparation of the nitro*phenylporphyrins by the condensation approach, 
using either acetic acid, or propionic acid as solvent was imsuccessful. The nitration 
of tetraphenylporphyrin as per Kuper’s method was more successful, but in contrast 
to what he reported (54% of mono only) the reaction gave a mixture of mono- bis­
and tris- nitrophenyl porphyrins in moderate to good yields of 40, 21 and 5%, 
respectively. There was no evidence o f di-nitration in any individual phenyl ring. 
However, it proved impossible to separate the cis- and trans- bis isomers by column 
chromatography. Similarly, reduction o f the nitro groups gave aminophenyl 
porphyrins, but again the cis- and trans- bis isomers could not be separated.
The preparation o f the mono 2-, 3- and 4-cirmamyloxyphenylporphyrins by the same 
Alder-Longo procedure proceeded well, showing that the procedure, as used in this 
project, can be used for even quite sensitive substituents.
Boc-protected glycine was coupled successfiilly with the 5,10,15,20-tetrakis-(4- 
hydroxyphenyl)-2i7T,2iT/-porphine to provide a novel porphyrin. However, the 
ester attachment proved incompatible with the Boc cleavage procedures and a non- 
Boc-protected compound was not obtained.
Iron insertion into the ring of a porphyrin is straightforward and requires no 
purification providing a large excess of hydrated metal chloride is used in a 
concentrated solution of porphyrin DMF, In all cases, good yields of iron porphyrin 
were seen and characterisation using FAB -  MS, and combustion microanalysis was 
used.
From a catalytic viewpoint, it can be concluded that altering the substitution pattern 
on the aromatic ring o f a me^o-substituted iron porphyrin does not affect its catalytic 
turnover. Indeed there is no fixed pattern when looking minor alterations on the 
aromatic porphyrin ring and the yield o f cyclooctene oxide varies significantly.
In respect to altering the position of the functional group on the aromatic ring (o, m, 
p) which is monitored using the cinnamyloxyphenyl ligands, then a trend is seen; 
37P (lO.lmM), 38MP (9.3mM) and 39MP (4.0mM), this is expected as functional 
groups in the ortho position of a mew-substituted iron porphyrin are known to
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produce higher yields of epoxide in comparison to the para substituted. It is 
interesting to note that the electron donating iron porphyrins catalysts seem to give 
the same type of yields in comparison to electron withdrawing catalysts, this was not 
expected, with the highest being recorded for the ^/^-substituted methoxyphenyl iron 
porphyrins at 7.7mM, this can be compared with the bis-substituted nitrophenyl iron 
porphyrins which gave a yield o f L6mM.
This is also true from a degradation point of view. No pattern for the degradation of 
the iron poiphyrins was seen; indeed not even the cinnamyloxyphenyl group which 
was substituted on the different positions o f the aromatic ring (o, m, p) gave a decay 
plot which showed any real difference when compaied to one another. It is also 
interesting to note that the degradation plots also showed no linlcs to the catalytic 
turnover numbers and no explanation can be given for this.
In summary, the iron porphyrin catalysts showed no links between catalytic turnover 
and degradation. Although the position changes on the aromatic ring from the 
cinnamyloxyphenyl caused an expected increase in epoxide yield {o>m>p) the 
degradation did not reiterate this.
The kinetic studies showed that the best metalloporphyrins (at least among the 
monosubstituted) for giving epoxide are those that have either stTongly electron- 
donating, or strongly electron-withdrawing substituents to the meso phenyl ring. The 
rather small differences across the range are enhanced when due allowance is made 
for the increased rate o f destruction (bleaching) of these same materials. Given that 
the metalloporphyrins are only mono-substituted, and that many are substituted at the 
4-position of the phenyl group, this cannot be ascribed to steric factors, except for a 
few examples. It appeals that the most reasonable explanation is that the two main 
steps in the epoxidation cycle, oxidation by peroxide of the resting catalyst in the 
first step, and reduction by alkene of the oxoperfenyl species in the second, are 
finely balanced in these reactions. Surprisingly, further substitution, bis-, tris-, 
tetrakis-, had relatively little effect on either epoxide yield, or degradation. This 
finding remains to be satisfactorily explained.
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6.2 Future Work
As mentioned in previous chapters, the literature is flooded with metalloporphyrin 
oxidation research. The obvious next step would be to look at the relationship 
between oxidant concentration vs. catalyst concentration. This is something which 
must be looked at in depth to get high catalytic turnover with limited degradation. 
Limiting catalyst degradation could also be investigated with the use of supports, 
although the choice of support would need to be tailored towards the oxidation 
system.
The next line of investigation would be metalloporphyrin recognition systems; an 
example of which is shown in figure 6.1. The ferrocene iron porphyrin would be 
advantageous from both a recognition and degradation standpoint. Note the 
possibility of a Schiff-base reaction between the amine of the ferrocene and the 1,4- 
quinone system (A). This can be released upon washing with dilute acid; these 
conditions should not cause the epoxide to ring open, as epoxides are known to open 
under strong acid or base conditions. Another possible approach would be to hold a 
substrate over an active site using possible hydrogen bonding this form of reversible 
binding would be advantageous for porphyrin-substate system (B).
N=<
Cl
NH HN
o=-
NH HN
B
Figure 6.1 -  A Schiff-base reaction to hold the substrate in position (A) and hydrogen bonding 
formed between the porphyrin and substrate (B).
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Note the use of 1,4-acridinequinone as substrate in figure 6.1, this would be used for 
three of reasons:
1. One reactive alkene bond -  this would be susceptible to metalloporphyrin 
epoxidation as shown in figure 6.2. However it is important to note that 
another type of oxidant must be used instead of hydrogen peroxide as 1,4- 
quinone systems undergo epoxidation with basic peroxide solution.
o o
o
Figure 6.2 -  The epoxide of 1,4-acridinequinone.
2. Electrochemically active -  the epoxidation of the double bond would destroy 
the 1,4-conjugation. If this was monitored over a period of time a possible 
decrease in the oxidation reduction potential may be seen. This could be used 
to monitor kinetics with respect to electrochemistry.
3. Fluorescence quencher -  the rate of epoxidation could also be studied using 
fluorometry. Acridine itself shows fantastic fluorescence however a 
conjugated 1,4-quinone system is known to have fluorescence quenching 
ability. As shown in scheme 6.3, by removal of the 1,4-conjugation 
fluorescence is possible.
o uIron Porphyrin Epoxidationro o :o
Substrate 
1,4-conjugation 
'no fluorescence'
Scheme 6.3 -  Epoxidation of quinone will break the 1,4-conjugation.
Substrate epoxidation 
1,4-conjugation broken 
'fluorescence'
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Figure 6.4 shows the fantastic fluorescence of an acridine under UV light and this 
can be seen in very small quantities.
Figure 6.4 — Fluorescence of an acridine.
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